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Abstract
Servo valves are used in a broad variety of flow modulation applications. In the field
of aerospace, servo valves are used in aero engines to meter fuel flow. The existing
valves are labour intensive to manufacture and highly optimised such that to achieve
improvements in performance requires a novel design. This research investigates smart
material actuators and valve concepts. Specifically, a prototype pilot stage nozzle flap-
per valve is developed for the purpose of actuating a main stage spool. The typical
nozzle flapper type servo valve uses a torque motor to actuate the flapper. In this
research project, the torque motor has been substituted for two piezoelectric ring ben-
der actuators. A novel mounting mechanism has been developed to secure the ring
benders within the valve. Analytical and finite element models have been made to
understand the displacement mechanism of a ring bender and the effects of the mount
on the displacement and force from a ring bender, and the results were compared with
experiment. The mounting stiffness at the inner and outer edges was found to decrease
the displacement of the ring bender and it was found that the stiffness of the mount
at the outer edge has a greater negative effect on displacement than the stiffness of the
mount at the inner edge.
The displacement of a ring bender was tested across the operational temperature
range of an aero engine. It was found that the displacement of the ring bender is reduced
at low temperatures and increases at high temperature. The variation of stiffness of
the elastomeric mount was also tested with temperature and it was found that the
displacement of a ring bender is significantly reduced when the mounting elastomer
approaches its glass transition temperature.
A prototype valve was built to test the pressures and flows that could be achieved
at two control ports by using a ring bender as actuator. A single ring bender and
two ring benders, mounted in tandem to provide redundancy, have been tested. An
analytical model was developed and the predictions are compared with experimental
results for pressures and flow. The full stroke of the valve was 300µm when mounted
and reduced to 150µm when mounted in tandem with an inactive ring bender. The
hysteresis of the valve is +/-10%. The pressures and flow at and between the control
ports of the valve are consistent with the predictions.
xiv
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1.2 Gas turbine aero engine
The gas turbine aero engine market is worth around $25 billion [1] and there are, at
present, approximately 20,000 commercial aircraft in service [2]. Rolls Royce plc is a
global aero engine manufacturer with operations in over 50 countries [3] and, as of 2013,
reports an annual revenue of £15.5 billion [4]. Projections from Boeing suggest that
the fleet of commercial aircraft in service will double in size over the next 20 years [2]
which correlates to the accelerating rate of globalisation and freedom of movement of
labour. This trend will fly alongside international and domestic targets for decreasing
CO2 emissions [5] and the rising cost of fuel driven by increasing difficulty of access
to new oil reserves [6] and increasing demand from developing economies. There is an
urgent need to develop higher performance, more fuel efficient aero engines to balance
these external pressures. The operating principle of a gas turbine engine is that low
pressure air is taken in at the front and compressed by a series of spinning turbines;
some of the high pressure air is channelled to the combustion chamber where fuel is
injected and combusts; the heat generated increases the pressure of the air-fuel mixture
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Figure 1-1: Diagram of a typical pilot stage of an electromagnetic torque motor actu-
ated nozzle flapper servo valve.
further, and this energy drives a turbine at the back of the engine as the high pressure
gas is expelled [7]. To optimise the efficiency of the engine it is necessary to balance the
mixture of air and fuel in the combustion chamber such that wasted energy through
incomplete combustion is minimised.
1.3 Servo valves
In this section the method of operation of the electrohydraulic servo valve (EHSV)
will be explained in the context of the fuel metering unit of a gas turbine aero engine.
An EHSV is used to modulate the flow rate of fuel to the combustion chamber within
an aero engine. The fuel metering valve has two stages, the pilot stage and the main
stage. The pilot stage of the valve can be seen in Figure 1-1 which shows a section
view diagram of an electromagnetic torque motor flapper. The second stage or main
stage of the valve is a spool valve that regulates the size of the flow pathway through
to the combustion chamber.
The electromagnets, shown as the two wire coils at either side of the top of the
T-shaped flapper in Figure 1-1, are energised by current flowing through the coils.
The polarity of the resulting magnetic field is dependent on the direction of current
through the coil. The permanent magnets produce a magnetic field, and when the
electromagnet is activated, a torque is induced about the pivot, shown in Figure 1-1, as
the opposing poles either attract or repel, such that the bottom of the flapper rotates
to close one of the two nozzles. To actuate the valve, an electrical control signal is used
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to energise the electromagnets to rotate the T-shaped flapper to restrict one of the two
nozzle orifices.
In Figure 1-1, the flow through the valve is shown by the red and blue arrows
with red signifying higher pressure and blue lower pressure. When one nozzle is re-
stricted, the flow through that nozzle decreases and the flow through the other nozzle
increases. Pa and Pb represent the control port pressures which vary with the clearance
between the flapper and the nozzle and PR is the return pressure. The control ports
are connected to control chambers at either end of the main stage spool. The hydraulic
connections between the pilot and main stages are in an H-bridge arrangement and a
diagram of a typical H-bridge can be seen in Figure 2-24 in Chapter 2. Varying the
flow through the nozzles in the pilot stage creates a flow imbalance across the main
stage spool which is used to change the position of the spool and control the flow of
fuel through the main stage valve.
1.4 Motivation
The typical nozzle flapper type pilot stage servo valve has been used in its present form
for nearly half a century and some in the industry believe that it is approaching its up-
per limit in terms of the performance that can be achieved, although this is difficult to
quantify. In order to increase the performance of a gas turbine aero engine, one option
is to redesign the fuel metering valve. In other related fields such as the automotive
industry, control system manufacturers have been employing smart materials in order
to increase injection speed [8]. A smart material actuator could also decrease manu-
facturing complexity and production costs for aero engines. There are several factors
that make the possibility of redesigning the torque motor advantageous. The typical
torque motor used for this application includes hand wound fine wire electromagnet
coils which, due to the manual nature of production method, have a lower reliability
and repeatability than a machine assembled component. A key design consideration
for all aero engine components is to minimise size and weight of the components and
as such the parts of the current servo valve are small, and the clearance between the
flapper and orifice range from approximately 75-150µm. The tolerances are necessarily
tight and without the help of automation the manufacturing process is labour intensive,
and as a result the cost of each valve is high.
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1.5 Aim
The aim of this project is to design, build and test a prototype servo valve for aero
engine fuel control that incorporates a smart material actuator as the active component.
The performance characteristics of the current fuel metering servo valve within a gas
turbine aero engine will be used as the benchmark for the prototype.
1.6 Research contribution
The motivation for the research is to improve the valve controlling the position of
the fuel metering valve in a gas turbine aero engine. In particular, the use of smart
materials as the active component, within either the pilot stage of the valve or as a
main stage direct drive device, has been researched. The research contributions are:
1. A better understanding of the performance of a piezoelectric ring bender actuator.
2. A novel method of mounting a piezoelectric ring bender actuator is presented and
the results are analysed. A paper has been published [9] examining the results
of the displacement and blocking force of the ring bender when mounted with
an elastomeric material. The experimental results are compared with predictions
from an analytical model and finite element analyses.
3. The performance of the ring bender and mount are examined across the range of
temperature specified for a component operating within the aero engine environ-
ment.
4. A prototype nozzle flapper type servo valve using a piezoelectric ring bender as
the active component has been developed and the performance results analysed.
1.7 Structure of thesis
This thesis has been separated into ten chapters detailing the investigation and devel-
opment of a piezoelectric ring bender actuated pilot stage servo valve.
Chapter 2 presents literature review and is separated into subsections detailing the
potential smart material actuators that could be utilised. This chapter also explores the
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different geometrical implementations for those actuators, the different valve concepts
that could be modified to include a smart material component, and the work that has
been done by other researchers in this field.
Chapter 3 discusses the candidate concepts that were explored and the decision
process that was used to select a concept for development. The candidate concepts are
split into two groups depending on whether the concept uses a piezoelectric actuator as
the active component in a pilot stage to actuate a main stage spool or a piezoelectric
actuator actuates the main stage spool directly.
Chapter 4 explains the ring bender actuator in terms of material properties, oper-
ating principle and performance. Experimental results are presented for displacement
and force. The results presented in this chapter are used to validate the model in
Chapter 5.
Chapter 5 examines analytical and finite element models used to predict the dis-
placement and blocking force of the ring bender and the effects of different forms of
motion restriction at the inner and outer edges of the ring bender.
Chapter 6 presents the development of a ring bender mounting arrangement using
elastomer O-rings. The results of the free displacement and blocking force of a ring
bender when mounted under various conditions are compared with the results when the
ring bender is not mounted or constrained. The chapter also presents the experimental
method and results for the displacement of a ring bender when mounted at varying
temperatures in the range from -50oC to 180oC. The chapter describes the research into
mounting elastomers and their material properties and the selection of two material
candidates for experimental comparison.
Chapter 7 details the design, operational method and results of a prototype servo
valve pilot stage using a ring bender as the nozzle flapper actuator. The results show
how pressure and flow through the valve varies with the voltage control signal under
various arrangements.
Chapter 8 examines the analytical model of the valve and the predictions for the
relation of electric field applied to the actuator and pressure and flow within an H-bridge
arrangement.
Chapter 9 explores the conclusions from the results of the prototype and the project.
The final section on further work, describes some the possible avenues of future research






In this chapter the relevant literature concerning smart materials and valve concepts
will be explored. The chapter begins with a brief explanation of the fuel metering unit
within a typical gas turbine engine and the performance requirements for a typical
servo valve based on the force and displacement characteristics of the current servo
valve, explained in the previous chapter. The following section then describes a new
class of materials, namely, smart materials, and then delves into the specific types of
smart material that could be utilised within the aero engine environment and which
show a high likelihood of meeting the performance specifications. The final section
describes the valve concepts that are relevant to this research.
2.1.1 Fuel metering unit
This section will examine the current fuel metering unit that is under consideration
as well as the design requirements for a component operating within the aero engine
environment.
Figure 2-1 shows a diagram of the main stage metering spool valve and the pilot
stage nozzle flapper valve. The diagram shows a T-shaped torque motor that rotates
about the pivot to move the flapper (small black arrows show rotation). The flapper
restricts the flow through the nozzles and via the the hydraulic connections to the top
and bottom to the fuel metering spool valve, moves the spool. Red line represents
supply pressure, PS , green is the control pressures, Pa and Pb, and blue is the return
pressure, PR. Fuel flow is throttled to the combustion chamber using spool position
(large black arrow shows spool movement) to open and close the flow path through the
metering valve. The position of the spool is thus controlled by varying the current in
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Figure 2-1: Diagram shows the hydraulic connections between the main stage spool
metering valve and the pilot stage torque motor valve. [10]
the torque motor. The orange port connects to a shut off that is not within the scope
of this research.
Any new component must in some ways conform to the pre-existing principles of
the fuel metering unit, FMU, and so the following subsection will outline some general
design considerations for this research.
2.1.2 Valve design requirements
This section will highlight the general design specifications for an actuator operating
in the aero engine environment that were generated by discussion with Rolls-Royce
Control and Data Services.
These requirements are:
1. The displacement range for the current torque motor flapper is 100µm clearance
from each nozzle. The full stroke of the main stage spool is 1mm. The choice of
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actuator size will depend on whether the concept selected is direct drive of the
main stage or pilot stage actuation.
2. The force requirement, needed to ensure chip shear capability (the force to crush
contamination blocking the nozzle) and so that the nozzle flapper can overcome
the flow force to fully close the nozzle, is 5N at maximum displacement of the
current nozzle flapper. For the main stage spool the force is larger but this could
be altered by changing the spool profile e.g. increasing the number of flow paths
through the spool valve.
3. The actuator must achieve the performance requirements across the aero engine
temperature range -50oC to 180oC.
4. The actuator must be able to withstand an extreme vibration test, during which
an aero engine component is subjected to large changes in momentum in three
dimensions for a significant duration of time.
5. Typical lifetime of components in the aero engine environment is 30,000hrs.
6. The actuator needs to perform when immersed in fuel at over 100 bar pressure.
7. The bandwidth of the actuator needs to be greater than 200Hz.
8. The mode of failure must be predictable and for a gas turbine aero engine the
valve must ’fail down’. This means that in the event of a fault the valve closes at
a predictable rate.
9. Repeatability of manufacture is important and improvement in this area could
allow automated valve manufacture which would increase reliability and reduce
cost.
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Figure 2-2: The graph shows maximum actuator force versus free displacement for
actuators in a database compiled by Ashby et al. [11]. (The diagonal line that describes
an actuator of work capacity of 0.01Nm and the white box, top right, are irrelevant for
this research.)
These considerations, while not covering all possible options, give a useful starting
point for selecting a smart material actuator. The next section will expand on the
definition of smart materials and the material candidates for this thesis.
2.2 Smart materials
The term ’Smart Material’ describes a relatively new class of materials that have one
or more properties that can be controlled by varying the properties of the external
environment. The properties referred to include electric and magnetic field strength
and orientation as well as temperature, and stress among others. A database of the
characteristics and performance of a number of smart material actuators was compiled
by Ashby et al. [11] and can help to narrow the material selection process.
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Figure 2-3: Power to weight ratio versus efficiency of actuators [11].
Figure 2-2 shows a graph of maximum actuator force versus free displacement for
actuators in a database compiled by Ashby et al. [11]. The diagonal line and white
box in the top right of Figure 2-2 focus on an actuator selection example given by
Ashby in the source paper and are not relevant for this research. It can be seen that
piezoelectric and magnetostrictive materials can deliver displacement of several hundred
microns with high force of several thousand Newtons. These two fall within the desired
performance range for the valve actuator.
Figure 2-3 shows how these two materials have a superior power to weight ratio
versus efficiency compared with other smart materials. The graph, Figure 2-3 is useful
as it highlights why magnetostrictive materials have been included in the scope of
the project, because their characteristics are similar to that of piezoelectric materials.
Multiple discrete regions are shown for several actuator types and represent different
actuator configurations found in the literature used to compile the authors’ database.
Schiller et al. [12] undertook research that focussed primarily on the actuator selection
process, discussing the trade-offs between high bandwidth electromagnetic actuators,
piezoelectric stacks, and magnetostrictive actuators. Their comparison of performance
suggests that a piezoelectric stack is the best candidate for a combustion control system.
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The main reasons for this are its compact size, bandwidth capabilities and relatively
low cost.
Chaudhuri and Wereley [13] reported on the development of compact hybrid elec-
trohydraulic actuators driven by various smart materials. These devices are capable of
producing high stroke and high force in a compact form, by utilizing the large band-
width and energy density of currently available smart materials including piezoelectric
and magnetostrictive actuators.
In this chapter three types of smart material will be researched, piezoelectric mate-
rial actuators, magnetostrictive material actuators and magnetic shape memory alloy
actuators. The following section explores the piezoelectric effect, explores the different
types of piezoelectric actuators and discusses some advantages and disadvantages of
each.
2.3 The Piezoelectric effect
A brief history of the piezoelectric effect starts with etymology; piezo derives from the
Greek word for pressure and electric from the Greek word for amber. It was noticed by
the ancient Greeks that sparks of electricity could be produced by applying mechan-
ical stress to certain solid materials and in 1880, physicists Jacques and Pierre Curie
formally discovered and named the piezoelectric effect. This effect can be utilised for
this research, but in the opposite direction, such that the application of an electric field
across a piezoelectric material produces a mechanical strain within the material. In
general the strain that can be achieved with a piezoelectric material are 0.1-0.3% for
polycrystalline ceramics and up to 1% for single crystal ceramics [14]. The piezoelectric
effect is not limited to certain ceramic materials and can be observed in other materials
such as polymers; however for the purposes of this research only piezoceramics will be
considered. There are several types of commercially available piezoelectric materials;
however the most common material used for actuators is lead zirconate titanate (PZT).
The strain induced in a piezoelectric material by the application of an electric field is
produced by the polarization of the material and a change of shape at the level of
the unit cell and also by the alignment of the domains (crystals within polycrystalline
materials) with orientation of the electric field. Each material composition is charac-
terised with a 6x6 matrix of dij coefficients which describe the strain per unit electric
field in all the directions within the material. Figure 2-4 shows the orientation of the
coefficients. The amount of strain that can be achieved with different compositions of
material is characterised with piezoelectric dij constants which represent the direction
of the applied field and induced strain per unit electric field in the direction denoted
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Figure 2-4: Orientation of dij coefficients [15].
by the subscripts i and j respectively. By varying the ratio of lead zirconate to lead ti-
tanate different compositions of PZT, displaying different properties, can be produced.
The types of composition can be placed into two general categories: “Hard” and “Soft”
piezoelectric materials. Hard PZT is characterized by small dij constants and exhibits
smaller displacement compared with soft PZT, has limited domain motion, but can
tolerate a large electric field and mechanical stress, and is not easily depolarised except
at elevated temperature. Hard PZT also exhibits low hysteresis. By contrast soft PZT
exhibits comparatively large displacement, with correspondingly larger dij constants.
Soft PZT has less restricted domain motion, however it will exhibit greater hysteresis
and creep compared with hard PZT. It has been noted that, when the mode of op-
eration is dynamic, soft PZT suffers from high dielectric losses and high dissipation
factors, and due to self heating within the material, the maximum frequency at which
the material can be driven is limited [15]. Having briefly discussed some of the mate-
rial science relating to piezoelectric materials the next section will explore the ways in
which piezoelectric materials have been utilized as actuators in the relevant literature.
2.4 Piezoelectric actuators
In the following subsections the different types of piezoelectric actuators will be ex-
plained. The actuators are separated by mode of actuation and are grouped into axial
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Figure 2-5: Graph of displacement vs. force for a typical piezoelectric actuator. U
denotes applied voltage [15].
and transverse modes. When discussing piezoelectric actuators two common phrases
that are encountered are free displacement and blocking force. The free displacement
of an actuator is the displacement that can be achieved at maximum electric field
with zero force applied. The blocking force is the force produced by the actuator at
zero displacement when the maximum electric field is applied. Figure 2-5 shows a lin-
ear relationship between displacement and force for piezoelectric materials. The more
force applied (opposing the displacement direction) the less displacement the actuator
achieves, and vice versa. The blue shaded area on the graph indicates the region in
which the actuator can be operated.
2.4.1 Axial mode actuation
In this section, axial mode actuation is used to define piezoelectric actuators that
deform in-plane when an electric field is applied, as in Figure 2-6.
Stack
A piezoceramic stack is made up of thin layers of piezoceramic material bonded to-
gether, either by co-firing alternate layers of ceramic and electrode (for thin layers,
200µm or less) or physically joining ceramic layers (for layers 1mm thick). Stacks can
also be sub-divided into plate stack and ring stack categories, the difference being that
the central axis of the ring stack is hollow. Multiple stacks may be used in series,
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Figure 2-6: Diagram of a piezoceramic stack with dotted lines indicating deformation
[16].
Figure 2-7: Section view diagram of a dual stack arrangement used by Heverly et al.
[17].
parallel, dual stack or “V-stack” concept [18] arrangements (see section 2.8). A piezo-
electric stack was used by Lee et al. [19], to actuate a pump which used unimorph
disc valves as inlet and outlet valves. In a diesel fuel injection system, MacLachlan
et al. [20] incorporated a piezoelectric stack actuator. Chopra et al. [21] developed
a dual stack concept for rotor trailing edge morphing for helicopters. The analysis
from Heverly et al. [17] indicates that the dual-stack actuator, shown in Figure 2-7,
produces greater free stroke, output energy, and energy efficiency than the two parallel
single stack actuators. Discrete stacking offers the widest range of ceramic materials,
flexibility in the shape of the ceramic elements, and better control of heat generated
during high frequency operation, but voltages of 500 - 1000 V are usually needed to
operate these actuators since the segments are relatively thick (1mm) and an electric
14
Figure 2-8: Picture showing PMN-PT 40mm diameter single crystal boule [23].
field of 1-2kVmm−1 is often needed to achieve a maximum strain. Co-fired actuators
have smaller segment spacings (e.g. 100µm) and are driven by much lower voltages,
typically 100-150V. [22] The main advantages of piezoelectric stacks are the high force
output, high driving frequency and reliability of 109 cycles for hollow stacks [16]. The
main disadvantage is lower available displacement than for a comparable size transverse
type actuator which are discussed in a later section. When compared to single crystals
(discussed in the next section) an advantage of the stack is that the electric field can
be applied to either end of each segment, instead of across the entire crystal, and so
a displacement can be achieved at lower drive voltages (100-1000V depending on the
thickness of each segment).
Single crystal
Piezoelectric ceramics generally have a polycrystalline structure; however, large single
crystals with high strain capability can be grown. TRS Technologies report that their
single crystals exhibit strain exceeding 1% (useable strain: 0.5% at 3.5 kV mm−1),
which is about five times the strain energy density of conventional piezoceramics. Mor-
gan ElectroCeramic report that their single crystal PMNT-28 exhibits a maximum
strain percentage of approximately 0.6%, three times the approximate 0.18% value of
conventional polycrystalline PZT [24]. Figure 2-8 shows a 40mm single crystal boule of
PMN-PT (an alternative piezoceramic to PZT) manufactured by TRS Technologies.
The key advantages of using a single crystal of piezoelectric material are the in-
creased coupling and displacement which result in improved bandwidth and sensitivity
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Figure 2-9: Shows architecture of piezoelectric fibres and interlaced electrodes with
dotted lines to indicate deformation [25].
as well as higher efficiency, and provides opportunities for increased actuator perfor-
mance and miniaturization. However, there are some significant disadvantages which
include limits in maximum size and shape, low Curie temperature, decreased stiffness,
low fracture toughness, and the high cost and manufacturing complexity.
Piezoelectric fibres
Actuation could be achieved using a single bed of aligned piezoceramic fibres sur-
rounded by a polymer matrix and electrically loaded by interlaced electrodes. A di-
agram of the architecture of piezoelectric fibres and interlaced electrodes is shown in
Figure 2-9.
The main advantages of fibre actuators include increased flexibility, ease of integra-
tion with carbon fibre [26] or glass composites, lifetime testing shows reliability of 108
cycles at 0.1% strain. Piezoelectric fibres have also been shown to have high chemical
stability to solvents, oil, water and UV light [27].
However, two major disadvantages are typically smaller force (of the order of 10N
compared with 1kN for stacks) and energy density than a piezoelectric stack type actu-
ator of equivalent size, and decreased performance at higher temperatures (operational
range below 100oC) [27].
2.4.2 Transverse actuation
In this section the focus is piezoceramic actuators that deform out of plane. In general,
bending actuators demonstrate lower forces but greater displacement e.g. for a device,
forces may be of the order of 1N at deflections up to 3mm (depending on size/shape).
Multi-layer bending piezoelectric actuators have been fabricated and require a lower
electric field.
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Figure 2-10: Diagram of two different electronic arrangements for a bimorph [16].
Unimorphs
Unimorph actuation is used to describe a bending piezoceramic that deforms out of
plane in one direction only when an electric field is applied. Several other types of uni-
morph have been developed with varying improvements in force output and displace-
ment. The Thin Layer Composite Unimorph Ferroelectric Driver and sensor (THUN-
DER) actuator [28] is capable of providing a displacement of the order of 0.5cm. The
LIPCA (Lightweight Piezo-Composite curved Actuator) [29] is a unimorph type actu-
ator and authors report that the resulting stacked-type transducer can produce almost
twice the strain than that produced by the conventional d31 actuation mechanism and
higher out of plane displacement is gained. Others examples include C-blocks [30],
Rainbow [31] and also Moonie [32]. Relevant to the application under consideration
within this research, Lee and Carman [19] developed a piezoelectric hydraulic pump us-
ing active unimorph disc valves and reported an output flow rate of 3.4cm3s−1, specific
energy of 12Wkg−1. The advantage of the unimorph bender is comparably large dis-
placement compared with a transverse type actuator however compared to bimorphs,
which have an extra degree of freedom, they are at a significant disadvantage in terms
of the concepts to which they could be adapted.
Bimorphs
A bimorph is a piezoelectric actuator that can deform out of plane in two (opposite)
directions. They are generally comprised of two PZT strips working antagonistically
to produce a bending effect. As can be seen in Figure 2-10 the piezoelectric strips can
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Figure 2-11: a)Image of a ring bender [15]. b) Image of a disc bender.
be connected to electrodes in parallel or in series.
Yun et al. [33] developed a pressure regulator for a pneumatic valve with a PZT
actuator. The bimorph type PZT actuator with a d31 constant of -220x10
−12CN−1
was investigated. A maximum operating force of 0.052N and maximum displacement
of 63µm were achieved from the actuator of dimensions 25.5mm by 7.2mm by 0.5mm.
Gehring et al. [34] developed an analytical model to optimize micro-sized bimorph
actuators made of piezoelectric and magnetostrictive materials (discussed in a later
section). The authors claim to solve the problems of maximizing the free deflection,
maximizing the blocked force or maximizing the actual force at the tip.
A bimorph actuated pilot stage for a servo valve was developed by Milecki [35]. It
was found that the servo valve could achieve a peak flow rate of approximately 1500
cm3s−1 and the actuator could generate a peak thrust greater than approximately 4.5N.
Ring benders
A ring bender actuator is used here to describe a circular piezoelectric bender that
deforms out of plane in a curve and has a hole in the centre. The ring bender deforms
perpendicular to the plane of the disc such that it forms a dome shape when electrically
excited. An electric field is applied across the thickness of the ring bender which causes
the thickness to expand and the radial dimension to contract. Differential contraction
of the different layers (through the thickness) causes a bending effect and gives rise
to the deformation and resulting dome shape. This mechanism is explained in more
detail in Chapter 4. Two images are shown in Figure 2-11 to clarify the distinction
between a ring bender and a disc bender. The naming convention is taken from Noliac
who market a product for commercial use as a sensor or actuator. Noliac report the
their ring bender, CMBR07 for example, can achieve free displacement of 185µm and
blocking force of 13N. The ring bender is made from a soft PZT composition named
NCE57 [15].
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Uchino et al. [36] investigated a circular piezoelectric bender and reported total
displacement (combining displacement above and below the null position) of 98µm.
The device used PZT bonded with epoxy resin to a stainless steel disc. The dimensions
of the ring were 25.4mm outer diameter 12-17mm inner diameter and 0.4mm thickness
with the thickness of the metal disc 0.15mm.
Phyisk instrument also manufacture an actuator of this type called a ‘round bender’
and report free displacements in the range 0-500µm and blocking forces up to 16N [16].
The round bender has layers 20µm thick and uses a ‘softer’ PZT composition compared
with the Noliac ring bender which gives greater free displacement and blocking force but
greater hysteresis and sensitivity to temperature variation. The ring type uni/bimorph
(ring-morph) configuration has a larger displacement output than that of conventional
disc type uni/bimorph actuators with comparable dimensions. This could be used as
a direct actuation mechanism for a pilot stage spool or even possibly to actuate the
nozzles in a nozzle-flapper type arrangement instead of actuating the flapper.
Disc bender
A disc bender actuator is defined here as a circular piezoelectric bender (with no hole
in the middle) that is bonded around its circumference and an applied electric field
serves to deform the centre of the disc in an out of plane arch. This could be used for
pumping applications or as the active component in a variable restrictor type concept.
The circular benders described in the previous two subsections combine the large free
displacement achieved by transverse type benders with a larger blocking force. They
represent a midway point between the extremes of a large force/small displacement
axial type and the large displacement/small force transverse type actuators. Having
considered the more commonly used piezoelectric actuators the next section will intro-
duce a different smart material and discuss possibilities for actuation.
2.5 Magnetostrictive actuation
Different to piezoelectrics, magnetostrictive materials change shape when an external
magnetic field is applied as opposed to an electric field. Terfenol-D is a magnetostrictive
material that is commonly used for actuation because of its low free strain capability;
Galfenol is also used but less widely [37]. Figure 2-12 plots strain of Galfenol and
Terfenol against magnetic field strength. These commercially available magnetostric-
tives match the properties of piezoelectrics with respect to bandwidth, force and strain.
They also exhibit better hysteresis characteristics than piezoelectrics. However these
materials require a voice coil to actuate the material thus substantially reducing their
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Figure 2-12: Results of static tests on magnetostrictive materials [37] demonstrates the
responsive strain to an applied current and the hysteretic nature of magnetostrictive
materials.
effective energy density and increasing component complexity.
A magnetostrictive stack based hybrid pump using hydraulic stroke amplification
techniques was developed by Gerver et al [38]; this device had less than 1 W output
with 25-30W input power. In a paper published by Chaudhuri et al. [39] the highest
recorded power outputs for magnetostrictives were calculated to be 1.96W at 275Hz
pumping frequency with the 51mm rod and 1.02W at 300Hz pumping frequency with
the 102mm rod. Using force-velocity plots obtained from uni-directional load tests, the
maximum obtainable power output of the actuator was found to be 2.78W and 3.36W
with the 51mm and 102mm Terfenol-D rods respectively. Magnetostrictive materials
are at a disadvantage when pitted against piezoceramics due to the relative youth of
the field. Simply, much more research has been conducted with piezoceramics which
makes any comparison of potential concepts difficult.
2.6 Shape memory alloy
There are two types of shape memory alloys (SMA) that will be considered in this
section; the first are thermal SMAs that use variation of temperature to control dis-
placement of an actuator, and the second are magnetic SMAs that change shape under
application of a magnetic field. Figure 2-13 shows how the structure of MSMAs changes
under the application of a magnetic field.
Thermal SMAs suffer from low bandwidth due to the need to rapidly change tem-
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Figure 2-13: Diagram shows the two different states of a magnetic SMA when the
applied magnetic field is zero on the left and when not zero on the right.
perature; magnetic SMAs change shape under alternating magnetic fields which can be
produced more readily. Whilst not achieving the frequency of piezo based materials or
magnetostrictive materials, magnetic shape memory materials give much higher strain
outputs: typically 10 to 100 times more with strain levels approaching 4%. They also
provide higher energy density, typically up to 100kJm−3 compared to 14-30kJm−3 for
magnetostrictive materials and 0.8-2kJm−3 for piezo-based materials [40]. High fre-
quency shape change is possible, and cycle times of 1-2kHz have been shown. Several
hundred million cycles have been achieved while testing fatigue life which is similar to
the commercially available fatigue data for piezoelectric and magnetostrictive materials.
In addition they can exhibit up to 6% elongation in a magnetic field. One disadvan-
tage is that these are a relatively new class of material and as such the commercially
available products are not built to a comparable quality as for example, piezoelectric
material actuators. However they are certainly an interesting class of material and as
such have been considered as a smart material actuator candidate for this research.
2.7 Discussion of actuator types
The main advantages of transverse piezoelectric actuation are larger displacement than
axial type whilst remaining small and lightweight. Bimorph actuators providing motion
up to 1000µm are available and greater travel range is possible [16]. Using actuators
with thin piezoelectric layers and interlaced electrodes allows for low power consump-
tion. Johnson Matthey Piezoproducts claim working life of more than 109 switching
21
cycles [41], this is less than would be required for the purposes of this project but there
is little commercial data available that exceeds this figure. The main disadvantages
are lower stiffness, blocking force and speed compared to axial type. The main ad-
vantages of piezoelectric materials compared with MSMAs are increased development
of the field of piezoelectric actuators, which can be found in a large number of appli-
cations, low cost and high reliability. The main disadvantages are hysteresis (typical
hysteresis value for commercial product 10-20%) [15], and performance variation with
temperature, specifically, lower strain at lower temperatures, (below 0oC) and slightly
increased strain at higher temperature (100-200oC) when below the material’s Curie
temperature, typically 200-400oC for PZT. The Curie temperature for a piezoelectric
material is the temperature above which the piezoelectric effect disappears.
One point of concern for valve applications using a piezoelectric actuator is the
thermal expansion coefficient of the piezoelectric actuator is typically different to the
metallic material that an actuator would typically be bonded to in an application of
this type. This is a concern because if the actuator and the actuator mount change
shape with temperature at different rates stresses could be induced in the materials
which could lead to damage or actuator failure.
2.8 Displacement amplification mechanisms
The previous sections explored how piezoelectric, magnetostrictive and SMA materials
have been manufactured into various shapes to achieve actuation. In this section the
focus is mechanisms for mechanical amplification of the displacement of a piezoelectric
actuator. The following subsections will examine how the displacement and force from
these different forms of actuator have been amplified using several different types of
mechanism.
2.8.1 Antagonistic motion
Two or more actuators can be designed to work antagonistically to produce amplifica-
tion of motion. An example of a concept using this principle can be seen in Figure 2-14.
Power is transferred to the mechanical amplifier by expanding and contracting the two
stacks at the same time. The mechanical amplifier then pushes a piston with one degree
of freedom and power is transferred through a hydraulic fluid to the actuator.
The main advantage of a leveraged amplification concept is large displacement.
However there are numerous disadvantages including the energy loss through increased
friction and reduced force as actuators are working against each other. Another problem
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Figure 2-14: Two piezo stacks working antagonistically move two pistons which are
part of a hydraulic amplification circuit [42].
Figure 2-15: A honeycomb link mechanism for amplifing displacement from piezoelec-
tric stack actuators. [43]
for a concept of this type would be the leakage and the problem of replenishing the
fluid in the hydraulic component for concept of the type shown in Figure 2-14 [42].
Another concern is the difficulty in achieving high mechanical stiffness to avoid loss of
motion due to compliance.
2.8.2 Fulcrum
Using a fulcrum based device to amplify displacement is a possibility. A dual stage
fulcrum stroke amplification mechanism using a piezoelectric stack was developed by
Lee and Chopra [44] and the authors report free stroke of 1.87mm was achieved.
A study by Muraoka and Sanada [43] proposed a compact and array design of a
mechanical amplifier for piezoelectric actuators. The amplifier emulates in-plane defor-
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Figure 2-16: A small stroke amplified piezoelectric actuator. [45]
Figure 2-17: Graph of displacement vs. force for some flextensional actuators manu-
factured by Cedrat. [45]
mation of a specific honeycomb having bow tie type re-entrant cells. When a multilayer
piezoelectric actuator causes the elongation of a cell of the amplifier in the longitudinal
direction, the cell causes expansion in the transverse direction as shown in Figure 2-
15, with amplification ratio depending on its geometry. Compactness of an amplified
piezoelectric actuator based on the honeycomb link mechanism was demonstrated by
using prototypes of uniaxial actuators and XY stages.
2.8.3 Flex-tensional
Flex-tensional actuators consist of a piezoceramic stack bonded to a flexible structure
that amplifies and changes the direction of generated piezoceramic displacement, as
proposed by Silva et al. [46]. A flex-tensional deformation of a shell concept was
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Figure 2-18: Cross-sectional view of the telescopic actuator showing the additive effect
of actuated tubes. [49].
developed by Le Letty et al. [47] with Cedrat technologies and the authors reported that
a voltage of 200V leads to a displacement of 200µm and blocked force 50N. An image of
this type of amplification device manufactured by Cedrat Technologies [45] can be seen
in Figure 2-16 and such devices are capable of large strains (up to 3%) and forces (up
to 1kN). The ’CYMBAL’ actuator [48] exhibits almost 40 times higher displacement
than the same size of piezoceramic stack. Figure 2-17 shows the displacement and force
characteristics for some flextensional actuators from Cedrat Technologies.
The key advantages of flex-tensional actuation are high available force, up to 1kN [45]
and as the stack is under a compressive force at all times the risk of fracture is reduced.
The disadvantages are the large size, increased inertia and low resonant frequency
compared with a simple stack type piezoceramic actuator.
2.8.4 Telescopic
Telescopic actuation is used here to define concepts for which the geometry of the piezo-
electric component is such that when an electric field is applied the actuator undergoes
an internally leveraged amplification as well as the usual in-plane deformation. This
includes telescopic actuators consisting of interconnected concentric, cascaded cylin-
ders (Figure 2-18) that telescope out when activated, and helical actuators which coil
and uncoil to produce amplification. In addition by expanding and contracting piezo-
ceramic stacks in parallel the total displacement is the sum of the displacement of each
active component.
Brei and Vendlinski [50] developed telescopic actuation architecture employing a
novel internal amplification scheme that provides a moderate stroke amplification (up to
20 times) while maintaining high force and bandwidth. As validation, a three cylinder
telescopic actuator was fabricated and experimentally tested.
Mohammadi et al. [51] reported that spiral piezoelectric actuators produced 700µm
displacement, 1N blocking force and at 100V driving voltage demonstrated a frequency
range of 10Hz-100kHz.
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The main advantage of amplified actuation is that the displacement of the smart ma-
terial component is amplified compared with a single component such as a piezoelectric
stack or single crystal. However there is a trade-off in terms of force and displacement
in that the displacement can be increased but the available force will be decreased.
The disadvantages are the added complexity of additional components, along with the
increased number of smart material components, for certain types mentioned above,
and energy is lost when actuators work antagonistically.
2.9 Motion accumulation
The focus of this section is concepts that allow for the motion of the actuator to be
accumulated in small steps using a smart material component that can perform a full
motion cycle with high frequency. Accumulative mechanisms make use of the high
frequency capability of, for example piezoelectric materials which can operate in the
kHz range. On each stroke the piezoelectric actuator can only do a finite amount
of work; the power, however, is the work per unit time which can be increased by
increasing the frequency. The following sections are split into motors and pumps and
examine the research that has been conducted with the different variations of these
two mechanisms. Piezoelectric motors can be split into resonant and stepping types,
and these categories can be further subdivided into rotary and linear output motion.
A linear stepping motor is considered equivalent to an inchworm motor here.
2.9.1 Resonant motors
The key principle of piezoelectric resonant motors is to excite a ring of piezoelectric
material with an AC voltage in such a way that an elastic wave travels around the ring
and produces a smooth rotary movement of a plate pressed against it. This excitation
in practical models has been between 20kHz and 100kHz (the ultrasonic range) these
motors are also referred to as ultrasonic motors (USMs). USMs are typically driven
at a resonant frequency to achieve high motor efficiencies. They tend to be small and
have low drive speeds, for example, a typical 3cm diameter USM operates at 300rpm
(no load), and 9Ncm blocking torque [52].
Four ultrasonic motor types using piezoelectric material were produced by Uchino [53].
They are windmill, PZT tube, metal tube and shear type motors. A motor using ul-
trasonic standing wave vibrations in a threaded nut to directly rotate a screw was
developed by Henderson [54]. Dong [55] demonstrated a new type of compact ultra-
sonic motor that operates using a wobbling mode of motion. The motor was driven
by a piezoelectric composite stator that consisted of a hollow metal cylinder whose
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Figure 2-19: Linear motion of two piezoelectric stacks can be transformed into control-
lable rotation. An example of this type of concept is Noliac’s Piezoelectric Actuator
Drive (PAD). [15]
outside surface was flattened on two sides at 90o to each other, with two rectangular
piezoelectric plates bonded to it. A gyrating motion was generated at both ends and
at the centre of the stator upon application of a sinusoidal voltage to each piezoelectric
plate (which were phase shifted by 90o to each other).
2.9.2 Stepping motors
The principle of operation of the piezoelectric rotational stepping motor is that axial
or transverse mode actuators are used to rotate a cog, by moving the motor shaft in
increments of one cog tooth around the motor ring for each expansion and contraction
cycle. Figure 2-19 shows how the in-plane motion of two piezoelectric stacks can be
converted into precisely controlled rotation.
Glazounov et al. [56] reported on two novel devices, torsional actuator and torsional
stepper motor. Both devices were designed to produce large angular displacement and
large torque output through electrical excitation of the d15 shear mode. Carotenenuto
et al. [57] describe a new piezoelectric motor wherein the stator is a bolted Langevin
structure excited in flexural vibration. The motor is able to give high speed ≈2800
rpm but low torque 15µNm. The very robust structure of the stator makes this motor
easily scalable and suitable for high power applications. Loverich et al. [58] developed
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Figure 2-20: Two piezoelectric stacks alternatively clamp the motor in position whilst
a third stack, orientated parallel to the direction of travel, moves the inchworm de-
vice. [60]
quasi-static piezoelectric motion accumulation with a new actuator. The operation
involves intermittent rotation of two nuts on a screw to achieve reversible and high force
actuation. However, the complicated structure and frequency dependent operation
imply high cost and risk of failure due to vibration.
Tani et al. [59] devised a piezoelectric micromotor with a simplified flat stator.
It generates rotation by micro vibration of the stator. The authors have experimen-
tally confirmed that the rotational characteristics correlated with the contact condition
between the rotor and the stator, and that the condition was essential to stable rota-
tional characteristics. This type of piezoelectric micromotor has a flat spring that
adjusts contact conditions and the authors report that this structure is suited for fur-
ther miniaturization. The micromotor is 2mm in diameter, 0.3mm in height and the
volume is 0.49mm3. It also stably rotates at any posture and the starting torque was
measured at about 3.2µNm.
The precision of the stepping motor is dependent on the size of the teeth of the cog:
the smaller the teeth, the higher the resolution of the motor. A potential disadvantage
for stepping type motors is the risk of short lifetime of small cog teeth and this would
also be associated with generation of debris if any teeth break off, so higher probability
of contamination and then further, the expense and complexity of machining small
parts.
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Table 2.1: Examples of some currently available motors and characteristics.
Motor Type Translational Force or Voltage or Author
Rotational speed torque Power consumption
Ultrasonic linear 20mms−1 20-50N 12W [45]
Ultrasonic 1000rpm 0.5mNm 10V [23]
Stepping rotational 60rpm 5Nm - [15]
Linear Inchworm 10mms−1 60N 40V [16]
2.9.3 Inchworm (Linear stepping) motors
Inchworm motors use three (or more) piezo stacks to perform a motion cycle. For
a three piezo component motor, two stacks act as a brake on a rod while the third
supplies the driving mechanism perpendicular to the plane of the other two. The
brakes alternately clamp and release the rod and the drive element moves it forward.
Mauck and Lynch [61] report that these types of actuators can produce more than
130N of force at speeds of several centimetres per second.
Table 2.1 shows some characteristics for commercially available motor types. The
main advantages of motors are that they are a scalable technology and they can have
unlimited bi-directional motion which would allow for a direct drive concept where
the piezoelectric material mechanically actuates the main stage spool valve. They can
also achieve high frequency and thus high power output. Two major disadvantages
of concepts that employ a piezoelectric motor are the complexity and greater number
of active components, and immersion in fluid can be a problem for friction dependent
driving mechanisms.
2.9.4 Pump actuation
Pump actuation is used here to describe a mechanism to move a fluid based on changing
the volume of a chamber using one or more smart material actuators. When the volume
of the chamber increases, the pressure inside drops and fluid is forced into the chamber
through an inlet valve. When the volume decreases, fluid is forced out of the chamber
through an outlet valve. The inlet and outlet valves can be either single direction or
reversible flow valves, and can be a combination of active and passive valves. This
section is subdivided into pumps with active and passive valves and peristaltic pumps.
2.9.5 Active valves
Active valves are controlled by a smart material component and are used to move fluid
into and out of a chamber of fixed or dynamic geometry. Advantages of active valves
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include increased control capabilities compared with the passive type. Also if the active
valves do not fully close wear is reduced and lifetime is extended. However a crucial
disadvantage is the increased number of components which increases manufacturing
complexity and also the failure risk.
2.9.6 Passive valves
Passive valves are opened and closed by pressure difference and are used in conjunction
with a chamber of dynamic geometry. Konishi et al [62] reported that piezoelectric
stack-based hybrid hydraulic actuators were developed and had a power output of
34W at a peak pumping frequency of 300Hz.
Mauck and Lynch [61] developed a piezohydraulic pump system that utilizes a PZT
stack to drive a piston in a hydraulic pump. They focused on driving the stack at high
frequency to maximize output power. A hydraulic actuator with 9.5mm bore achieved
271N of blocking force and had free translation rate of 7.25cm s−1. It should be noted
that the previous work conducted as part of the Bath-AEC KTA project is a concept
of this type [63].
The main advantage of passive valves is that there is no energy consumption. There
are several disadvantages which are the short lifetime of non-return valves, large pres-
sure loss through valves and the slow dynamic response of valves which limits fre-
quency [63].
2.9.7 Peristaltic pumps
Peristaltic pumps are made of sequentially connected and controlled, dynamic geometry
chambers. Scalability leads to a large network of micro pumps. Smits [64] developed
a silicon-based planar peristaltic micropump. Disadvantages are the complexity and
cost of the fabrication process, and the increased number of components which will
increase the risk of failure. Ullmann [65] developed a valveless piezoelectric pump that
had flow rates of 0.2cm3s−1 with pressures close to 90 kPa. A review of microscale
pumping technologies by Iverson and Garimella [66] suggests that for equivalent sizes,
flat-diaphragm chamber geometries are less efficient than a dome-shaped diaphragm at
converting in-plane strain to volumetric deflection. Tracey et al. [67] developed a design
in which the hydraulic diameter of the chamber is actively changing with the piezoelec-
tric diaphragm. Faulkner et al. [68] incorporated Tesla-type valves on a piezoelectric
diaphragm pump for use in a thermal management system. Tesla’s valvular conduit is
a type of passive check valve that allows preferential fluid flow in one direction [69].
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Table 2.2: Examples of some recorded results for pump types.
Pumping technique Flow (µl min−1) Frequency (Hz) Force (N) Author
Piston 3,300 100 2,700 Berote et al. [ref]
Diaphragm 1300 (water) 200 - Yoon et al. [70]
Peristaltic 37 (water) 700 - Jang et al. [71]
Table 2.2 shows some characteristics for different pump types found in the litera-
ture. The applications are different and so close scrutiny between the types presented
is impractical; however the table is useful as it displays a sizeable range of options
and types and performance characteristics. At the very least piezoceramics have been
incorporated into significantly different concepts and demonstrate promising results in
each category.
2.10 Valve concepts
Having explored the smart material candidates, displacement amplification mechanisms
and motion accumulation, the next logical step is to examine the different valve concepts
that are applicable, and for the purpose of this research they will be categorised by the
distinction of power source. The two alternatives being considered are power from the
smart material and power from flow. For concepts in which the power is derived from
the smart material, the actuator can either be directly actuating the metering valve,
MV, spool or can be employed in a pilot stage mechanism. For concepts in which the
power is derived from the flow, the smart material is being used to divert flow into
control chambers at either end of the MV spool (or possibly just one end but this will
be discussed later), and the power to move the spool is developed at the pump within
the hydraulic unit; the smart material is simply directing the power.
The sensing requirements of the current torque motor valve arrangement are posi-
tional feedback between the spool and the nozzle flapper and LVDT measurement of
the spool position. The control requirements are closed loop with PID position control
to modulate flow.
Direct drive concepts could potentially be a significant improvement due to the
reduction in system complexity of removing the torque motor servo valve entirely. The
possibility of adaptation of a concept to a direct drive arrangement will be considered
an advantage in this section. The following subsections will highlight some of the
advantages and disadvantages of potential valves concepts separated by the source of
the power to actuate the MV.
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2.10.1 Power from smart material
For concepts of this type the smart material would be either directly actuating the MV
spool or generating the power to actuate the spool from a pilot stage.
Direct actuation of MV with active material
To directly actuate the spool of the MV with a smart material some of the requirements
are different from those listed in the valve requirements section and the displacement
and force required at the spool are larger than at the pilot stage. The displacement
and force requirements for the MV spool used in this type of system are:
1. Displacement of 10mm with velocity of 10mm s−1,
2. 200N chip shear force,
3. Failure down - which is used here and within the aerospace industry to mean
that if a mechanical or electrical failure occurs the valve will close at a known
and fixed speed.
Advantages of direct actuation:
1. Elimination of pilot stage means fewer components, thus reduced weight and size.
Disadvantages:
1. Difficult to achieve displacement requirements without using a very large smart
material actuator, or motion amplification or motion accumulation, as strain
values are of the order of 0.1%,
2. High electrical power required to generate large displacement and force,
3. Difficult to achieve high bandwidth. Direct actuation could work but motion
amplification/accumulation would impair this.
The MV spool could be redesigned to decrease the stroke and actuator displacement
and one approach is to have multiple flow paths that open simultaneously when the
spool moves so that a much smaller displacement allows a greater volume of fluid
(jet fuel) through per time period. The main disadvantage of this idea would be that
smaller displacement of the spool, while maintaining the same flow requirements, would
decrease the precision with which flow can be modulated.
To overcome the problem of requiring a large smart material actuator to achieve
the large displacement required to directly actuate the MV spool, the motion could be
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accumulated with a series of small steps completed at high frequency. The motion ac-
cumulation mechanisms have been separated here into two groups: motors and pumps.
The smart material motor concepts could be applied to a direct drive or a pilot stage
mechanism whereas the pumps would only apply to a pilot stage valve. Due to the
small stroke that would be available from a smart material actuator moving at high
frequency it is thought that a main stage pump would not achieve a high enough flow
rate of fuel to the combustion chamber. The following sections will contain short lists
of advantages and disadvantages for each valve concept.
Motors
Linear
A linear resonant or stepping motor could be used to directly actuate the MV spool or to
actuate a pilot stage valve. Several commercially available piezoceramic motors exist
such as piezoelectric linear motors designed by Discovery Technology International,
DTI, [72] which are based on a single piece piezoceramic component.
Advantages of linear approach:
1. Large force (up to 50 N),
2. Large velocity (up to 1 ms−1),
3. Unlimited bi-directional travel on a rod,
4. Direct drive MV possible.
Disadvantages:
1. Potential for slippage with friction based mechanisms in fluid,
2. Micro machined gears could break and cause contamination.
Direct drive inchworm
An inchworm device, as described in the linear stepping type motor section, would be
directly connected to the spool in the metering valve for concepts of this type.
Advantages of direct drive inchworm:
1. Direct drive MV possible,
2. Shortened MV (no servo chambers) - space/weight saving,
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3. Pressure balanced MV piston would be possible allowing lower energy consump-
tion,
4. Smaller diameter MV could be used due to increased chip shear force,
5. No parasitic flow loss.
Disadvantages:
1. Setting friction level would be difficult due to thermal expansion of various com-
ponents,
2. Wear issues - short life,
3. Contamination could affect friction surfaces,
4. Resolution limited to smallest step size,
5. Matching thermal expansion of radial piezo stacks with friction plates so that
holding friction force isn’t reduced at temperature,
6. Moving wires.
Rotational
Recently research on the performance of spinning valves has been conducted by Li [73]
and a diagram of the spool used is shown in Figure 2-21. Active Instability Control
with spinning valve developed by Barooah et al. [74] reported more than 30% flow
modulation demonstrated up to 200 Hz for liquid fuel flows of greater than 400 lb/hr
and theoretical capability for modulation up to 800 Hz. The authors note that control
algorithms need to be developed which will deal with or account for actuator phase
drift/error.
Options:
1. Flow dependent on axial position of rotating component,
2. Flow dependent of frequency of rotation of rotating component.
Advantages of rotational approach include:
1. Wear is decreased for a rotational component as direction change is not so abrupt.
Disadvantages:
1. Failure mode for rotational valve is unclear.
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Figure 2-21: Spinning valve structure. [73]
Pilot stage Pumps
In concepts of this type a smart material would be used to pump fluid into control
ports at either end of the MV spool and in this way control spool position and metering
valve flow. One significant advantage of piezoelectrically actuated pumps, and a reason
that they have become quite common in recent years, is that they can be fabricated
relatively inexpensively. The points regarding pumps that were stated in the motion
accumulation section will not be restated in the following subsections.
Piston
A piston could be actuated by a smart material and pump fluid through a valve into a
control chamber and move a spool by a motion accumulation mechanism. Figure 2-22
shows a typical arrangement for a piston type pump used by Bertoe et al. [75].
Advantages of a piston pump include:
1. Proof of concept has been demonstrated [75],
2. High force capability.
Disadvantages:
1. Issues with the piston friction and wear,
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Figure 2-22: Generic piston pump.
2. Sealing can also be an issue,
3. Short lifetime of passive non return valves.
Diaphragm
A diaphragm pump is similar to the piston pump however a bending piezo component
is used to vary the size of the chamber instead of a piston as shown in Figure 2-23.
Advantages of a diaphragm pump include:
1. Typically have low power requirements,
2. No friction problems.
Disadvantages:
1. Reducing the diameter of the diaphragm adversely affects maximum flow,
2. Generally smaller change of volume compared with a piston with an actuator of
comparable size.
Peristaltic
A concept of this type could be as simple as a few large chambers (three-four) connected
sequentially or could be a large number of micro chambers. On the micro scale the
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Figure 2-23: Typical piezoelectric bender type pump.
latter can be achieved by printing chambers onto silicon then attaching active material
to surface to make a network of pumps for MV control.
Advantages of peristaltic pumps include:
1. Bi-directional ability of sequential pumping chambers,
2. Sequential pumping chambers with multiple diaphragms (possibly with hydraulic
amplification) could be made very small and light.
Disadvantages:
1. More active components - increased risk of failure,
2. Small available output force due to small size of actuators and hence small flow,
3. The smaller and more numerous the pumping chambers, the more complicated
and expensive the fabrication procedure.
2.10.2 Power from flow
This section presents concepts in which the MV is controlled by the pressure from a
pilot stage. The flow is diverted by a smart material in order to change the mechanism
of force application.
Pilot stage spool
Pilot stage spool actuation can be accomplished using any of the actuator types de-
scribed in the materials sections. For a concept of this type it is possible to use one
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smart material component at one end of the spool or use two - one at each end.
Advantages of pilot stage spool:
1. Reduces force requirement from the active material as the spool can be pressure
balanced so force required to move it a small distance (and thus moving the
second stage spool) is minimal.
Disadvantages:
1. Increased complexity of having another spool (even though it is smaller),
2. Chip shear capability for pilot spool is low.
Independent orifice control
Independent orifice control is used here to describe concepts in which one or more active
material components are used to restrict flow from either end of the MV spool individ-
ually. The currently used mechanisms (Nozzle-flapper, Jet pipe) use one component to
restrict/divert flow to/from both ends of the MV spool. This section is subdivided into
concepts utilizing a pressure balanced metering valve with variable flow restrictions for
both ends (i.e. using two active components) and concepts utilizing a non pressure
balanced spool that only requires flow restriction to one end of the MV (i.e. using one
active component). For concepts of this type, the requirement for force at the orifice
is 1-2N and the displacement needs to be 60-80µm.
Double ended MV
Figure 2-24 below shows a generic set up for a double ended metering valve with two
variable restrictions.
Double ended MV - axial
In this approach a piezoelectric stack actuator (or other type from section 2.4.1 of the
literature review) would be used as a restrictor against a nozzle. Concepts of this type
could be oriented in one of two ways:
1. Energizing the piezo stack to close the flow path,
2. Energizing the piezo stack to open the flow path.
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Figure 2-24: Generic orifice restriction set-up for fuel metering called an H-bridge
Double ended MV - transverse
A concept of this type could use a piezoelectric bender as a restrictor similar to the
arrangement shown in Figure 2-25.
Advantages:
1. Few additional components added to the FMU minimizes weight and size,
2. Could mix digital and proportional control,
3. Electrical power could be minimised by using an orifice restrictor as an analogue
device.
Disadvantages:
1. Wear issues when the valve closes fully,
2. Similar to current component.
It could be possible to use a similar geometrical set up to the existing nozzle-flapper
servo valve, keeping the T-shaped flapper fixed and using piezoelectric actuators to
move the nozzles towards the flapper to reduce flow, or away from the flapper to
increase flow. For this concept it could be possible to take advantage of a ring bender
to use the hole in the middle as the flow path.
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Single ended MV
Using a non pressure balanced spool would mean that only one orifice needs to be re-
stricted in order to move the spool in one direction and then when the orifice restriction
is opened the spool returns to one end of the housing at uniform speed.
Advantages:




1. Active component constantly powered,
2. Wear on nozzle if full closing is required,
3. Lower theoretical spool velocity than if two control chambers were used.
2.10.3 Existing aero engine fuel metering valves
This sub-section considers incorporating a smart material actuator into one of the
three pilot stage mechanisms already in use. The smart material actuator would be
substituted for the torque motor in these valves.
Nozzle flapper
The nozzle flapper concept (the current industry standard) uses a torque motor to
restrict one of two orifices that are connected to the control chambers of the MV in
an H-bridge configuration (described in an earlier section). The torque motor could be
replaced with a smart material actuator in a number of ways.
Figure 2-25 shows the arrangement of piezoelectric benders used for independent
orifice control from Hagemeister [76]. The reported response characteristics were -3dB
frequency at 550Hz with 20% amplitude.
Piezoelectric stacks could be used either perpendicular to the nozzle flapper or in
parallel working antagonistically to move a flapper. However a stack of the order of
10cm in length would be required to achieve the required displacement, 100µm which
would be a significant size increase on the current concept. Motion amplification or
accumulation could be used to decrease the size of the stack but this would necessitate
an increase in complexity. A ring or disc bender could replace the nozzle flapper
although it is unclear at this stage how a ring or disc bender would be mounted securely
within the valve.
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Figure 2-25: Diagram of piezo benders used for independent orifice control. [76].
Jet pipe
The jet pipe concept would utilize a smart material to preferentially divert flow into
one of two orifices which are connected to the control chambers of the MV. One option
would be to use a stack acting perpendicular to flow in the jet pipe or another could use
two in tandem working antagonistically alongside the jet pipe to produce bi-directional
bending moment (possibly also with an asymmetrically pressure balanced spool). San-
giah et al. [77] demonstrated a proof of concept using a piezoelectric bimorph to divert
flow.
Deflector jet
Similar to the jet pipe, a smart material could be used to divert flow.
Advantages of torque motor replacements:
1. Ease of integration with current fuel metering unit,
2. A significant amount is known about this concept within the aeroengine industry.
Disadvantages:
1. Not much improvement on existing technology.
2.10.4 Power from smart material and flow
This section will briefly explore concepts in which the power to move the spool in the
metering valve comes from the active material and the flow.
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Hybrid spool
Johnston [78] published an internal report within University of Bath outlining a sim-
ulation of a spool actuated by two piezoelectric stacks, one at either end of the spool,
using the hydraulic amplification mechanism described by Yoon et al. [79] and also us-
ing tapered grooves to change the size of the flow path past the stacks at each end. In
this way the motion of the spool is amplified with respect to the displacement from the
piezo component. Pearson [80] researched a pilot stage spool mechanism actuated by
a ring bender at one end of the spool. Moog have patented the concept [81]. Another
possible concept involves using a ring bender to alter pressure forces at end of a spool.
This concept could utilize a novel spool end profile to vary the pressure forces across
the ends of the spool as desired.
Advantages:
1. Using hydraulic amplification reduces the requirement for stack displacement and
thus stack length,
2. Tapered grooves increase the gain over hydraulic amplification alone.
Disadvantages:
1. Increased weight of FMU including second stage spool,
2. Fuel encapsulation would be a problem.
Bi-stable switching mechanism
This concept type involves valves with two stable positions that divert flow to chambers
at each end of the MV spool and a smart material that is used to switch between
positions. A spool could be used for this concept. The spool would have two possible
positions and in each would divert flow to a different end of the MV spool. The position
of the second stage spool could be varied using an impact from stack or bender on the
bi-stable pilot stage spool.
Alternatively a flapper could be used for this concept in a similar way to the current
nozzle-flapper setup. The flapper would have two stable positions restricting one of the
two flow paths and these positions would be switched by an impact from an active
component to switch positions. Sturman Industries make an electromagnetic bi-stable
valve [82]. This valve uses the electromagnetic effect to attract the bi-stable component
to one of the two available positions.
Advantages:





1. Failure mode is unclear,
2. During the transition between positions there could be significant energy loss.
2.11 Summary
In this chapter the fuel metering unit of an aero engine and the fuel metering valve
have been explored, the smart material candidates for this research have been identified
and examined, the different motion amplification and accumulation mechanisms have
been expounded, and finally the various valve concepts that could be implemented
in conjunction with a smart material actuator have been weighed in terms of their
particular pros and cons. That concludes the literature review for this research, in the
next chapter the concept selection criteria and process will be discussed.
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Chapter 3
Concept evaluation and selection
3.1 Introduction
This chapter presents the candidate concepts that were devised as alternatives to the
existing torque motor servo valve, based on the knowledge gained from the literature
review and consultation with experts from the aero engine industry. The following
section lays out the general conclusions from the literature review and separates out
the different stages of the concept research process. Smart Material selection was an
important first step, and several concepts were subsequently researched based on the
type of smart material that was selected. With a brief process to eliminate a few
unfeasible concepts, five concepts were identified and some rough sizing calculations
were undertaken. A decision process was then created to rank the candidate concepts
and is described in the subsection. Using the decision process criteria the candidate
concepts were then ranked against each other to identify the most suitable concept
for further development. The five concepts are shown with diagrams and explanations
for each. The final section of the chapter examines the decision that was made and
discusses some key points of the selection process.
3.2 General conclusions from the literature review
3.2.1 Smart material selection
An important point of the concept design phase was the decision about which smart
material should be selected. Piezoelectric materials are the more widely employed
and established smart material actuators compared with Magnetic SMAs and Magne-
tostrictive materials, and this was a priority in the selection process. The time taken
to develop an actuator from either a Magnetostrictive material or an SMA was thought
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not to be achievable within the research time frame. Several concepts were researched
that involve using a piezoceramic actuator to control flow. The next section describes
the decision process that was used to select a concept for further development.
3.2.2 Valve concepts
The five candidate concepts presented in this chapter originated through several infor-
mal meetings with AEC (now Rolls-Royce) engineers, the three academic supervisors
for this research and the author. The approximate origin of each concept is noted in
the relevant section.
3.3 Decision process
A meeting, with AEC (now Rolls-Royce) engineers and the three academic supervisors
for this research, was convened to rank the potential concepts. It was agreed that
an appropriate scoring system would be to define 10 selection criteria, each with an
importance weighting between 1 and 9. This was standard practice for AEC. Then
four concepts, that were considered as being potentially viable, were given a score; 5
represents no improvement on the existing servo valve, 7 and 9 are some improvement
and large improvement respectively, 1 and 3 represent areas where the existing pilot
stage servo valve is superior. The scores for each criteria were then multiplied by the
weighting factors for each to give the total. The total scores were calculated and com-
pared with each other and to the datum score of 350 given to the existing servo valve
(scores of 5 given to all criteria).
The ten selection criteria were:
Size. It was decided that shape was too speculative to consider at this stage so only
the volume of the existing device was considered. It is desirable for the new concept
to be equal to or less than the size of the existing servo valve. The weighting factor for
the size was 9 as any new concept would need to be mounted within the existing fuel
metering unit which has a precise size envelope for the servo valve.
Mass. Any increase in mass over the existing valve would have to be balanced by
significant improvements in other areas. Concepts that reduce the mass of the valve
would be preferable and a weighting factor of 5 was agreed for this criteria.
Ease of dual lane compatibility. The existing servo valve uses two electromag-
netic coils (one on each side of the torque motor) to ensure that in the event of a fault
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in one electromagnet, the other electromagnet can be used as a fail safe to control
the valve. This decreases the risk of failure of the valve. Any new valve concept will
need to have two piezoelectric actuators to meet the dual lane requirement. Using this
criteria candidate concepts will be scored as to how readily they can be incorporated
into a dual lane design configuration. A weighting factor of 5 was used because while
the dual lane configuration is crucial it is not an improvement on the existing concept
which already has dual lane control.
Failsafe. Valves implemented in the aero engine environment must have predictable
failure modes. In other words, if the active component of the valve fails it must “fail
down” such that the fuel flow channel in the main stage spool metering valve closes
and the flow of fuel to the combustion chamber reduces to zero at a known rate. A
weighting factor of 9 was used as the failure mode is a crucial safety feature.
Ease of temperature compensation. Performance of the valve must be within
acceptable limits across the full temperature range for a component in the aero-engine
environment. Any piezoelectric actuator will need to achieve the requirements for dis-
placement and force at upper and lower values of the temperature range. Chapter
6 discusses the relevant literature concerning the variation of piezoelectric properties
with temperature. A weighting factor of 5 was used.
Adaptability to two stage valve. For a direct drive concept that could also be
employed as a pilot stage valve that would achieve the displacement and force require-
ments. Considering this criteria allows for the eventuality that if the concept does not
achieve the requirements for direct drive, it could be adapted to a pilot stage valve and
the research time is not wasted. A weighting factor of 5 was used.
Cost. Cost of the final product must be lower or comparable with the existing
concept. If not cheaper than the existing valve then there must be significant improve-
ments in reliability, lifetime, performance and/or efficiency. A weighting factor of 7 was
used to reflect that while being a key factor for any commercial product, it would be dif-
ficult to determine the cost of mass production with the cost of researching a prototype.
Flow and pressure gain separation. This category represents the feasibility of
testing the valve in both blocked port mode and connected port mode (explained in
Chapter 8) whereby the gain relation of pressure and flow to current can be established
independently. A weighting factor of 5 was used
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Reliability. For components within the aero-engine environment a lifetime of
30,000hrs is the benchmark. A weighting factor of 9 was used as the reliability is very
important for all aero-engine components.
Manufacturability/complexity. The challenge to successfully automate the
manufacture of the torque motor nozzle flapper type servo valve has proven unachiev-
able so far. It would be a significant improvement if the concept could be simplified
and as a result the manufacture could be automated. This could also improve the
repeatability of the manufacture and increase the reliability of the valve. A weighting
factor of 9 was given because one of the central aims driving demand for a new servo
valve design is the problem of automation. If a design would allow for automated man-
ufacture then significant advantages in terms of cost and reliability could be achieved,
as well as ease of maintenance and condition monitoring.
The weighting for each criteria along with the scores can be seen in the Figure 3-6.
The following sections describe the candidate concepts which are separated into two
types; type 1 includes concepts in which the smart material actuator drives the main
stage spool mechanically; type 2 includes concepts in which the smart material actuator
actuates a pilot stage valve and power is transferred to the main stage spool valve via
flow.
3.4 Type 1 concepts: direct drive
3.4.1 Direct drive of main stage spool (Concept 1.1)
The spool needs to overcome the chip shear force of 100N and the stroke needs to be
10mm. While the force requirement is fixed, it might be possible to decrease the full
stroke of the spool.
3.4.2 Flex-tensional amplifier actuating a main stage spool using a
piezoelectric multilayer stack
The metering valve spool will be mechanically actuated by a flex-tensional amplifier
being driven by a piezoceramic stack. The displacement of the stack utilizes the d33
actuation mode for a series of small PZT segments sintered together with electrodes
interlaced between each segment. The stack is mounted in a flex-tensional amplifier,
which increases displacement and changes the direction of motion to perpendicular to
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Figure 3-1: Basic diagram of flex-tensional amplifier actuating a spool (Concept 1.1).
the poling direction. The flex-tensional shell is connected to a spool which modulates
flow to chambers at either end of the metering valve spool via control ports 1 and 2
shown in Figure 3-1. To ensure failure mode a spring would be used working in the
opposite direction to the flex-tensional amplifier along the axis of the spool. There
are several companies which supply flex-tensional shells and a range of products with
different force vs. displacement characteristics [45]. This concept was devised by the
author.
3.4.3 Hydraulic amplification mechanism to actuate a spool using a
piezoceramic stack (Concept 1.2)
The metering valve spool will be driven by a piezoceramic stack as shown in Figure 3-2,
however, as the stroke requirement for concepts of this type is 1mm (and, based on
the assumption of approximately 0.1% strain, to achieve that the piezo stack would
need to be about 1m in length) an amplification method will need to be employed.
Yoon [83] developed a hydraulic amplification method using a cylinder shaped, fluid
filled chamber that has a large opening at one side and a small opening at the other.
When the piston in the larger opening is pushed by a piezoelectric stack actuator, the
fluid is pressurized and pushes a spool in the smaller opening amplifying the displace-
ment of the piston. The increased stroke is then determined by the area ratio of the
two openings. This concept was devised by D.N. Johnston.
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Figure 3-2: Hydraulic amplification mechanism to actuate a spool using a piezoceramic
stack (Concept 1.2).
3.5 Type 2 concepts: pilot stage
3.5.1 Variable orifice restriction
For concepts of this type the flow path through an orifice is to be restricted by a
piezoceramic actuator. By restricting flow through an orifice, that is connected in a
H-bridge type configuration to the control chambers at either end of the metering valve
spool, the position of the spool can be modulated. By varying the flow at one or both
ends of the MV spool, the flow imbalance creates a directional force that can be used
to move the spool. For this concept there are two options relating to the orientation
of the piezoceramic actuator in relation to the flow path through the orifice. The
piezoceramic actuator can be oriented such that it can energize to block the orifice or
energize to open the orifice.
The requirements for this concept are:
1. clearance for flow through the orifice when open needs to be 0.1mm2 and therefore
displacement of the piezo component needs to be 100 µm,
2. force against the closed orifice needs to be 5N.
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Figure 3-3: Diagram shows a section view diagram of a variable orifice restriction using
a piezoelectric stack (Concept 2.1).
3.5.2 Orifice restriction with a piezoelectric stack (Concept 2.1)
Figure 3-3 shows a diagram of a piezoelectric stack used to restrict an orifice. In this
concept a multilayer, co-fired piezoceramic stack deforming in the d33 direction is used
to block the flow path through an orifice. The stack is mounted within a housing that
has an inlet orifice and an outlet orifice. Flow through one orifice is perpendicular to
the plane (poling direction) of the stack and is not restricted by the stack, the other
orifice is in-line with the stack and is restricted by it when the stack is energized (or
could use ’energize to open’ set-up).
Ring stacks [15] are lighter than plate stacks (of equivalent length) as they are
hollow along the axis of the poling direction and as such have a weight advantage. In
addition, they may be easier to mount as the hollow part can be used as a channel
for a screw. This will also allow the stack to be kept under a constant compressive
force which should increase the available work output and decrease risk of failure from
fractures caused by tension.
Another possible solution might be using flex-tensional amplification, which would
decrease the necessary length of the stack; however, weight would be increased because
of the flex-tensional shell. If the orifice is required to close fully then there is a high
probability of wear issues associated with the high frequency contact. Cedrat Technolo-
gies [45] have used their flex-tensional frame concept to develop a proportional valve
for gas applications but suggest that it could be adapted to achieve higher pressures
with an incompressible fluid. This concept was jointly arrived at by A.R. Plummer
and AEC engineers.
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Figure 3-4: Diagram shows a section view diagram of a variable orifice restriction using
a piezoelectric ring bender (Concept 2.2).
3.5.3 Orifice restriction with a piezoelectric ring bender (Concept
2.2)
In this concept a piezoceramic ring bender [15] deforming in the d31 and d32 directions
is used to block the flow path through an orifice. The plane of the ring bender disc
would be aligned and mounted perpendicular to the direction of flow through the orifice
which is labelled as nozzle in Figure 3-4. A robust insert would need to be mounted
in the middle of the ring and mechanically contact the nozzle to close the orifice, so
that the ring bender doesn’t undergo excessive wear. Another option might be using a
ring bender deforming to open orifice, as opposed to deforming to close it. In this way
the piezoceramic would be under a constant compressive force which is ideal for the
piezoelectric component in terms of efficiency and reliability. This concept was jointly
arrived at by the author and AEC engineers.
3.5.4 Orifice restriction using mechanical amplification actuated by a
piezoceramic stack (Concept 2.3)
In this concept a multilayer piezoceramic stack deforming in the d33 direction is used
with a mechanical amplification lever type arrangement and a diagram of this concept
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Figure 3-5: Basic diagram shows operating principle of variable orifice restriction using
a piezoelectric stack with mechanical amplification (Concept 2.3).
can be seen in Figure 3-5. The stack could alternatively be oriented to expand to restrict
the nozzle depending on whether fail open or fail closed as desired. This concept was
devised by the author, A.R. Plummer and D.N. Johnston.
3.6 Concept selection summary
The scores from the decision matrix 3-6 suggest that concept 2.2 has the best chance of
success. A key advantage of the design approach used for concept 2.2 was the failsafe
mechanism where a score of 5 was given, while the other concepts were given a score
of 1. A sensitivity analysis was considered, however, the ring bender concept was
considered the outright winner due to the large score difference and the judgement of
the deciding parties. In terms of the manufacturing/complexity criteria there is a large
amount of uncertainty in the score given to concept 2.2, as it is still unclear how a ring
bender can be mounted. So a neutral score of 5 was used until more is known. Due
to the results of the decision process, the concept involving a piezoelectric ring bender,
used as a replacement for an electromagnetic torque motor in a nozzle flapper type
servo valve, was selected for further development.
As mentioned, the initial uncertainty about how to mount the ring bender was a
primary consideration and as such it was decided that this would be the first point to
begin researching. The next chapter focuses on the ring bender actuator in terms of
performance and material properties. Then Chapter 6 describes the development of a
mounting arrangement for the ring bender actuator and experimental test results for
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the effects of the mount on the free displacement and blocking force of the ring bender.
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A ring bender is a disc shaped actuator/sensor that is composed of layers of a piezoelec-
tric ceramic material interlaced with electrodes. A brief summary of a ring bender was
given in Chapter 2 section 2.4.2. In this chapter, the ring bender actuator used for this
research, will be described in terms of material properties and performance. In order to
explain the selection of the actuator, the current industry standard is briefly described
to show from where the benchmark for performance in this case has originated.
The conventional servo valve uses a torque motor to actuate the nozzle flapper.
The conventional torque motor flapper has full bi-directional displacement or stroke
of 152µm, giving 76µm clearance from each nozzle in the centre position [84]. This
displacement is necessary to achieve the desired pressure and flow differential across
the valve in order to control the position and velocity of a spool in a second stage
valve. The maximum force exerted by the torque motor on the nozzles is 5N, when it
is at maximum displacement from the centre position. This force is required to crush
contaminant particles that may block the flow path through the nozzles [84].
These two criteria, displacement and force, were used to select the ring bender
model that had the highest likelihood of matching the performance characteristics of the
current industry standard. The ring bender with the largest displacement, available off-
the-shelf at the time, was selected for this research as the manufacturers data suggested
that it was the best candidate to meet the displacement and force criteria.
The following sections expand on the material properties of a typical ring bender,
the operating principle and performance as an actuator. The results of the performance
tests conducted are presented and analysed. The results are used to validate the ana-
lytical model, explored in the next chapter. The final section presents some significant
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Figure 4-1: a) Image of a typical ring bender CMBR07. b) Optical microscopic section
view of the ring bender showing the ceramic layers and electrodes.
future work to be conducted in terms of ring bender optimisation, specifically with
regard to the aero engine environment.
4.2 Ring bender material properties
In this section, the relevant material properties for the piezoceramic material NCE57,
which is used to manufacture ring benders, will be presented and explained. Figure 4-
1a shows a typical ring bender and Figure 4-1b shows a section view of the internal
structure (perpendicular to the plane of the disc, about midway between the inner and
outer edge), with the electrodes labelled. The electrode labels are colour coded to match
the wire colours in Figure 4-1. Ring benders are manufactured from a lead zirconate
titanate piezoelectric ceramic material called NCE57, which has properties similar to
more well-known materials such as PZT-5A. The internal structure is comprised of
10 layers, each 67µm thick, of piezoceramic material (NCE57), separated by internal
electrodes. Whilst below the Curie temperature, piezoceramic actuators produce a
strain when an electric field is applied. This is due to a) the change in shape at the
level of the unit cell, and b) the alignment of larger crystals, made up of many unit
cells, to the electric field within the material. The large crystals are referred to as
domains. The size of these domains varies from approximately 5-20µm. As discussed
briefly in Chapter 2, piezoceramics can be described in terms of hard and soft material
compositions. NCE57 is a soft PZT and exhibits comparatively large displacement,
with correspondingly large dij constants. Soft PZT has less restricted domain motion,
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however actuators will exhibit greater hysteresis and creep compared with actuators
manufactured from a hard PZT.
The following subsections explain the piezoelectric properties that are relevant to
this project, and that were considered when selecting the actuator to use in this re-
search.
4.2.1 Curie temperature
The Curie temperature is the point at which a piezoelectric material changes structural
configuration and the piezoelectric properties of the material disappear. Above the
Curie temperature the material is fully depolarised and the material would need to
be polarised again in order to regain its piezoelectric properties. Different material
compositions give rise to different Curie temperature values for distinct piezoceramics.
The Curie temperature for NCE57 is 350oC [15]. The normal operating temperature
range for an aerospace component of this type is below the Curie temperature for this
material and this was taken into account when selecting candidate actuators. The
maximum operating temperature for the aero engine environment is 181oC [84]
Chapter 6 presents the experimental tests conducted to identify how the perfor-
mance of the ring bender varies with temperature.
4.2.2 Relative dielectric constant
The dielectric constant (or relative permittivity) represents the ratio of the permittivity
of the material, , to the permittivity of free space, 0. This constant is useful as it
relates to the capacitance of a piezoceramic and is used in the next chapter to model
displacement, and more commonly when calculating the amount of current required to
drive an actuator at high frequencies. The numbers do not represent strain but are
useful for modelling. The relative permittivity matrix, at constant strain, for NCE57
is:
[S ] =
 1130 0 00 1130 0
0 0 914

where the superscript S denotes that strain is constant.
Now that some relevant material properties have been described, the operating
principle of the actuator will be explained.
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4.2.3 Operating principle of a ring bender
The operating principle of a ring bender, when used as an actuator as opposed to a
sensor, is explained here. A potential difference can be developed across the electrodes
in one of two configurations, described later in the chapter. The potential difference
gives rise to an electric field across some of the poled layers of the ring bender and as
a result, a strain is produced within the piezoelectric material. The strain causes the
disc to deform into a dome shape, such that the middle of the disc moves out from
the plane of the disc when an electric field is applied. The maximum displacement is
produced when half of the ring bender changes shape due to the maximum electric field
being applied, contracting radially and circumferentially (expanding axially), while the
other half experiences no electric field and resists the shape change. The electric field is
applied across the d33 poling direction of the material and this causes an expansion in
that direction, parallel to the axial direction of the disc, and a corresponding contrac-
tion in the d31 and d32 directions, parallel to the radial and circumferential directions
respectively. The radial and circumferential contraction only happens in the half of the
ring bender, when at maximum field, and that causes the out of plane, displacement of
the centre of the ring with respect to the outer edge. When the electrodes are config-
ured in uni-directional mode, the centre of the ring bender can only deform such that
it moves perpendicular to the plane of the disc in one direction. In bi-directional mode,
the ring bender can deform out of plane in either axial direction. The configuration
of the electrodes and the two distinct configurations that can be used require more
detailed explanation, given in the next subsection.
4.2.4 Electrodes
Figure 4-2 shows a microscopic section view of the ring bender in more detail and
the thin vertical lines show the relative thickness of electrodes with the piezoceramics
layers. There are two ways in which the electrode connections of a ring bender can be
arranged, and can be referred to as uni-directional and bi-directional modes. In the
uni-directional mode the negative electrode and middle electrode (wires labelled black
and blue in Figure 4-1) are connected to each other and to the 0V terminal of the
amplifier, the voltage of the positive electrode (red wire) is then varied up to 200V, to
give displacement or force in one axial direction. In bi-directional mode the electrodes
are connected as shown in the Figure 4-1b, with the negative electrode connected to
-100V, positive electrode connected to +100V, and the middle electrode is varied to
give displacement or force in both axial directions.
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Figure 4-2: Microscopic section view of a typical ring bender. The image was taken
using a broken and subsequently polished ring bender. [85]
Open vs. Closed circuit operation
In uni-directional mode, the operation of a ring bender can be further subdivided into
Open and Closed circuit. Open circuit means the negative electrode is not connected
to the middle electrode or ground, it is left open. Closed circuit means the negative
electrode is connected to the middle electrode and ground. The difference between
these two configurations is that, in the open circuit arrangement, when the ring bender
changes shape, the half of the disc in which no field is applied also changes shape, or
more precisely, the piezoelectric material layers expand in the radial and circumferential
directions and develop an electric field. In the closed circuit arrangement, the two
electrodes across which the field would develop are connected, and so charge can move
from one electrode layer to another to balance the charge displacement generated by
the deformation of the piezoelectric material. The effect of the electric field that is
generated in open circuit mode increases the stiffness in the inactive half of the ring
bender. The displacement results for a typical ring bender driven under each of these
two modes are compared later in this chapter, however for the purposes of this research
the ring bender is required to be set-up in bi-directional mode. Bi-directional mode
is necessary because the nozzle target in the servo valve needs to move in opposite




In relation to other piezoelectric material applications, the electric field used to drive
the ring bender to full displacement is relatively high, at 3kVmm−1. This is the rec-
ommended maximum electric field stated by the manufacturer [15]. The manufacturer
provides results on strain produced using a maximum field of 9kVmm−1, however these
tests were not replicated in this research and it is assumed that electric fields of this
magnitude would increase the risk of actuator failure and increase safety risks during
experiments. Relatively high fields give rise to non-linear effects, with respect to the
relation of strain and electric field within the material, that are difficult to represent in
an analytical or finite element model. The models that were developed to understand
the ring bender are explored in the next chapter. In similar applications a lower driving
electric field is used, generally in the range 1-2kVmm−1 [77] [24] [16].
Hysteresis
Mechanical hysteresis is a characteristic property of all piezoelectric materials and
measures the difference of the strain developed by a material, depending on whether
the electric field is increasing or decreasing (or the material is being charged or dis-
charged). Figure 4-3 shows a typical hysteresis loop for a piezoelectric material where
path A represents the strain increase with increasing electric field and path B repre-
sents the decreasing strain when electric field is decreasing. The general convention
for quantifying hysteresis is to give the maximum difference between the two strain (or
displacement) values at the same electric field (or voltage), as a percentage of total
strain (or displacement). For NCE57, the material used in this research, the value
for hysteresis reported by the manufacturer is 19% [15]. It is generally accepted that
hysteresis decreases with actuator age, to a greater or lesser extent, dependent on the
material composition.
Creep
Creep in a piezoceramic occurs after the electric field has been applied to the actua-
tor. The actuator will displace initially, when the field is applied, but then over the
subsequent minutes of testing, while a constant electric field is being applied, the dis-
placement will increase slowly. The order of magnitude of the increase in displacement
with creep is around 7% for NCE57. Creep happens because some of the domains in the
material, that are initially further from alignment with the polarisation direction, d33,
align over a longer period of time and gradually increase displacement by a relatively
small amount. Figure 4-4 shows the relative displacement of NCE57 as well as three
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Figure 4-3: Typical relation of strain in the piezoelectric material with electric field. [15]
other materials. NCE57 and NCE51 increase displacement due to creep by roughly the
same amount and are compared with a harder and softer material composition, NCE59
and NCE46 respectively. The results recorded in this chapter were recorded less than
five seconds after the electric field was applied to obtain results for displacement, not
including the creep of the material. These values are more useful in order to understand
how a ring bender would perform under dynamic operation, as opposed to long periods
at constant electric field. It is necessary to understand this effect, however, using an
appropriate closed loop control system, this effect would be minimised.
4.2.5 Manufacture and surface finish
Figure 4-5 shows a 3D plot of the upper surface of a typical ring bender, recorded using
the profilometer described in the experimental method section 4.4 of this chapter. This
subsection will give a brief overview of the manufacturing process of a ring bender.
Ring benders are manufactured by a process called tape casting. Thin layers of disc
shaped piezoelectric material and even thinner electrode layers are stacked alternately
and then laminated. The material is then heated to above the Curie temperature and
a high electric field is applied to pole the material. The upper and lowermost layers
are not poled, and there are also inactive regions at the inner and outer edges. The
surface finish on the ring bender is to a tolerance of 50µm [15], equivalent to 5 times
the maximum grain size of a piezoelectric domain, which can be seen in the upper left
corner of Figure 4-1b, which shows a large depression in the upper surface of a ring
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Figure 4-4: Relative displacement of NCE57 with time elapsed after the application
of the maximum electric field. Characteristic curves for three other materials are also
shown. [15]
bender. The surface finish will affect the stiffness of the upper and lower layers and in
this way can in part account for the small differences (+/-15%) in free displacement
and blocking force, reported by the manufacturer, and observed during testing for this
research.
The next section explains the performance characteristics that are relevant to the
intended application.
4.3 Ring bender performance characteristics
The two performance characteristics measured in order to assess the ring bender, with
regard to this research, were the free displacement and the blocking force. The following
subsections briefly describe these two terms.
4.3.1 Free displacement
The free displacement of a piezoelectric actuator is the maximum displacement achieved
by the actuator when the maximum electric field is applied and no force/load or me-
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Figure 4-5: 3D plot of the surface of a typical ring bender under no electrical or
mechanical load.
chanical constraints are applied.
4.3.2 Blocking force
The blocking force of a piezoelectric actuator is the maximum force achieved by the
actuator when the maximum electric field is applied and the displacement is zero.
Table 4.1 shows the dimensions, free displacement and blocking force characteristics of
the ring bender (type CMBR07) that was selected for this research.
63







A chromatic light profilometer was used to measure the displacement of the ring bender.
The optical target for the displacement measurement was a metal surface positioned
at the inner edge of the ring bender and displacement was measured at a single point
on the upper suface. A manual voltage control unit was used to drive the actuator.
The blocking force was measured using an electromechanical testing system with ring
bender displacement fixed at zero and force measured at the centre of the ring bender.
Figure 4-6 shows the profilometer that was used to measure the displacement of a ring
bender when an electric field is applied. A ring bender was placed on the stage and the
vertical displacement was measured whilst the driving voltage and load were varied.
4.5 Results
This section presents the results of the free displacement and blocking force of a ring
bender (CMBR07) along with different driving modes.
4.5.1 Unmounted free displacement
Figure 4-7 shows the unmounted free displacement (zero torsional stiffness at inner and
outer edges) results for a ring bender when it is electrically connected in bi-directional
mode compared with uni-directional mode. The graph shows that the displacement in
uni-directional mode is greater than in bi-directional mode in the positive y direction,
however, the displacement value does not return to zero with zero voltage in uni-
directional mode.
Overall the total displacement is greater in bi-directional mode and this represents
the full range of motion for the ring bender. The single line for each mode originating at
zero shows the first displacement cycle. The displacement loops show 10 motion cycles
with driving voltage moving between 0V and 200V in uni-directional mode and -100V
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Figure 4-6: Experimental test rig used to measure displacement of a typical ring bender
CMBR07. 100g weights were added to the end of the lever, denoted load in the diagram,
which incrementally applied a 200g load to the centre of the ring bender.
and +100V in bi-directional mode. The uni-directional displacement curve was plotted
as if maximum voltage were 100V to make the displacement comparison more clear.
Free displacement, in uni-directional mode, was recorded to be 210µm, and +/-175µm
in bi-directional mode.
4.5.2 Blocking force
The blocking force of a typical ring bender was measured and found to be 14.6N [9].
This is within the range suggested in the manufacturer’s literature which states 13N
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+/-15% [15]. These values are used to validate the prediction of the model in the next
chapter.
4.5.3 Open and Closed circuit operation
Figure 4-8 compares displacement of a ring bender when operated in open and closed
circuit arrangements, these two modes are alternatives of uni-directional operation.
Figure 4-8 shows a displacement difference of approximately 14µm between the open
and closed circuit modes of operation. The measured voltage of the open electrode
was -7V, when the maximum driving voltage was applied to upper electrode, with the
middle electrode connected to 0V. In closed circuit configuration, charge can flow from
the middle to lower electrode when a strain is produced in the lower half as a result of
the field applied to, and corresponding strain produced in, the upper half. By contrast
Figure 4-7: Free displacement of a ring bender in bi-directional motion (3-wire) mode
and uni-directional (2-wire) closed circuit mode against applied voltage. 10 cycles of
displacement data are plotted.
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Figure 4-8: Displacement vs. Voltage, for open and closed circuit operation of a ring
bender.
in open circuit mode charge cannot flow and so when the strain from the upper half
produces a strain in the lower half, an electric field is produced.
4.5.4 Mechanical loading
Figure 4-9 shows the shape formed by a typical ring bender under mechanical loading
with zero electrical load or driving voltage. The difference in shape formed by a ring
bender under mechanical and electrical loading will be described more comprehensively
in the next chapter. Broadly, the shape formed under mechanical loading is a cone and
under electrical loading is a dome.
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Figure 4-9: 3D plot of the shape of the surface of a typical ring bender under mechanical
loading of 12.5N.
4.5.5 Hysteresis
Figure 4-10 shows mechanical hysteresis loops at 40V intervals from 40V to 200V
maximum driving voltage. Hysteresis of 18% is recorded for the maximum driving
voltage amplitude of 200V. The plot moves anticlockwise with time such that the path
is the same as that shown in Figure 4-3. The manufacturer published data showing that
hysteresis for the material NCE57 is 19% [15]. This small difference is within range
of the manufacturer value. The difference could be accounted for by the operational
frequency of 1Hz used to gather data for this research, the manufacturers’ results use
a square wave function to record hysteresis. There are several methods that have been
identified that can reduce the effects of hysteresis and these are briefly discussed in
section 4.6.1; while they have not been implemented, it is assumed that they could be
implemented in the future to further optimise a ring bender actuated servo valve.
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Figure 4-10: Hysteresis loops at various driving voltage amplitudes. One motion cycle
of data is plotted for each voltage amplitude.
4.5.6 Resonant modes
The electrical impedance of a piezoelectric material decreases sharply to a minimum
when the frequency of the alternating current applied reaches the different resonant
modes of the material. The resonant modes of a device are dependent on the shape of
the device and the material properties. The impedance reaches a maximum peak when
the anti-resonant mode is reached. The industry standard is such that all resonant
modes should be above 230Hz [84]. The resonant modes of a ring bender, in the range
1-80kHz, have been measured and are shown in Figure 4-11 plots the magnitude and
phase of the impedance of a typical ring bender at different frequencies. The peaks
observed correspond to the frequencies of the resonant modes of the ring bender. The
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Figure 4-11: Impedance of a ring bender against frequency. The solid line represents
the magnitude and the dashed line represents the phase.
first large peak on the left represents the first resonant mode of the ring bender and
the subsquent smaller peaks are higher modes. The resonant frequencies of the actua-
tor are important to establish in order to make sure the operational bandwidth of the
valve is below the first harmonic mode. The manufacturer reports that the unloaded
resonance frequency is greater than 1.8kHz which is suitable for the purposes of this
research as operating frequencies are below 1kHz.
The final section briefly lays out some necessary optimisation work to increase ring
bender performance.
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4.6 Ring bender optimisation
The following subsections describe four areas of future work that should be conducted
to optimise the ring bender for use as an actuator in the aero engine environment.
4.6.1 Hysteresis
Piezoceramic actuators exhibit mechanical hysteresis which is shown in the results pre-
sented and quantified in an earlier section of this chapter. The problem of mechanical
hysteresis needs to be minimised for the piezoceramic actuator to become a viable alter-
native to the existing torque motor actuator. Several methods for reducing hysteresis
have been investigated and some will be briefly explored in this subsection [86]. Closed
loop control has been used to reduce hysteresis [16] and has been successful for some ap-
plications. Hysteresis only occurs when the electric field is produced by controlling the
potential difference across the layers. When the current or rate of flow of charge onto
the electrodes is controlled the hysteretic effects disappear. However, the electronic
configuration to control current in a 3-wire type bi-directional mode has been difficult
to implement due to complexity. Charge control has been shown to be successful in
a two wire arrangement although three wire charge control is difficult to implement,
may suffer from current drift and has been difficult to manufacture. Another potential
solution is to use a generalised Prandtl-Ishlinskii method [87]. Although this method
has not been proven for dynamic operation, it could be used in conjunction with closed
loop control to minimise hysteresis.
4.6.2 Inactive layers
The upper and lower layers of the ring bender are inactive or, more accurately, the
layers of NCE57 at the upper and lower surfaces of the actuator are unpoled and no
electric field is applied across them as there is no electrode on the upper or lower
surface of a ring bender. This increases the stiffness of the actuator. However, if the
inactive layers were polarised, and a field was applied across them, the displacement
of the actuator could be increased, potentially by tens of microns. However, there
is a trade-off in terms of encapsulation. The average grain size for PZT of this type
is approximately 5-20µm and so in a layer, of thickness 67µm, there are about 4-13
grains. Making the inactive layers thinner, in order to reduce the stiffness and increase
the displacement, will increase the risk of a pathway developing, that ions can pass
through, which would lead to electrical failure. The properties of unpoled NCE57 are
not provided in the manufacturer’s literature but can be extrapolated based on other
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work [85]. The potential increase in performance will be discussed more thoroughly in
the next chapter where the ring bender is modelled.
4.6.3 Aggressive fluid environment and encapsulation
Piezoceramics are vulnerable to pitting, a process whereby charged ions in the fluid, in
which the actuator is submerged, are attracted to the electrodes and create pathways
through the ceramic material. This process is electrolysis and can lead to failure of the
actuator when charged particles can move between the electrodes. The inactive layers,
described in the previous subsection, provide ceramic encapsulation but increase the
stiffness of the actuator. The ideal situation would be to encapsulate the piezoceramic
without the need for inactive ceramic layers so that the performance is maximised whilst
the risk of failure by this process is minimised. What needs to be identified is a material
that will encapsulate the ring bender without increasing the stiffness significantly. This
line of research was not pursued but has been identified as necessary to fully optimise
ring bender performance.
4.6.4 Electrode connection strength
The most common fault, which has been observed whilst handling and conducting tests
with several ring benders, is that the solder joint between the electrodes and the wires
is fragile and has weakened and broken several times. Relative movement of the wires
with respect to the actuator causes the joint to weaken and several methods have been
used to try to strengthen the connection. Epoxy has been used to try to improve the
robustness of the solder joint and was the most successful of the solutions tried, this
also has the added benefit of electrically insulating the connection. However, a more
comprehensive solution is required to minimise the risk of failure in this area.
4.7 Conclusion
The experimental results presented in this chapter confirm the predicted free displace-
ment, 210µm in uni-directional mode and +/-175µm in bi-directional mode, and block-
ing force for the actuator which was 14.6N. These results will be used to compare with
results in subsequent chapters to show how ring bender performance is affected by var-
ious test conditions. The next chapter presents the model developed to understand the
ring bender. The predictions of the model are compared with the results presented in
this chapter for validation.
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Chapter 5
Modelling a ring bender and the
effects of inner and outer edge
mounting stiffness
5.1 Introduction
This chapter examines a closed-form analytical model and a finite element, FE, analysis
that were developed to better understand the displacement mechanism of a ring bender,
of dimensions presented in Chapter 4, and the effects of mounting stiffness at the
inner and outer edges of the ring bender. The results of the analytical model and the
FE model are compared with the experimental results presented in Chapter 4. The
model was used to understand how the displacement of a ring bender is effected by
the stiffness of the outer edge mount. This informed the material selection for a ring
bender mounting arrangement, as presented in Chapter 6. The first section of this
chapter describes the closed-form analytical model of the ring bender that was used
to predict the displacement under mechanical loading to verify the results of the FE
model. Then, the effects of very high edge stiffness, to simulate a rigid mounting option
such as a metallic mount, were modelled, separating the inner and outer edge effects,
and then calculating the combined effect. The manufacturer stated that a rigid metallic
mount could be possible, however there were concerns about wear at the contact point
with a metallic mount. The high stiffness model was needed to understand these effects.
Standard mounting procedure is to epoxy/glue the outer and inner inactive regions,
1mm of ring bender, however this is not an option for the intended application of this
research. The model also considers the effects of mechanical and electrical loading
of a ring bender and separates the two in order to show how the deformed shape is
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Figure 5-1: Diagram showing the distinction between torsional and axial stiffness for
the outer edge mount.
different under these two conditions. The ring bender stiffness was conceptualised
in two directions, radial and circumferential stiffness, and this approach was used to
develop the closed form analytical model. In order to use a ring bender as the active
component within a servo valve, the ring bender must be mounted securely within the
valve so that it doesn’t move away from either of the servo valve nozzles when there is
a flow force or pressure differential from the hydraulic fluid passing through the valve.
However, it is crucial that the mounting does not impede the motion of the ring bender
significantly, so that it can still displace enough to make the valve work. The desirable
conditions for the ring bender mount would be such that the torsional stiffness is low
enough to not significantly inhibit the displacement of the ring bender, whilst the axial
stiffness is large enough to keep the ring bender securely in place during operation. This
is so that the ring bender does not move significantly in the axial direction when a force
is applied, even though it will deform under a mechanical or electrical load. Figure 5-1
shows the two directions, with torsional referring to the rotation of the outer edge as
the ring bender deforms out of plane, and axial referring to the position of the ring
bender. After simulating the effects of high stiffness at the inner and outer edges, it
was necessary to vary the mount stiffness in order to identify the optimum mounting
stiffness for a ring bender. An FE model was developed to model the effects of the
Youngs modulus of the mount material on the displacement. The model is used to
predict force and displacement from a typical ring bender, as discussed in the previous
chapter, and various conditions for torsional stiffness. Several simplified assumptions
were made about the ring bender and these are explored in the penultimate section of
this chapter.
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Figure 5-2: Diagrams of different cases from Roark [13]. Where a is outer radius, δ
is deflection and arrows indicate load position. From top to bottom: (a) Case 1 -
no torsional constraints; (b) Case 2 - inner edge constraint; (c) Case 3 - outer edge
constraint; (d) Case 4 - Inner and outer edge constraints.
5.2 Ring bender analytical model
5.2.1 Analytical thin disc model
To describe the deformation of the ring bender analytically, whilst under mechanical
load with no electrical field, formulae from Roark [88] were used. Four cases, shown
in Figure 5-2, are necessary to compare the theoretical deformation of the ring bender
under the intended constraints. The cases have been separated in order to show the
comparative reduction in displacement from the constraints at the outer and inner
edges.
Case 1: Neither inner nor outer edge of the ring is constrained.
Case 2: Inner edge constrained, outer edge free.
Case 3: Outer edge constrained, inner edge free.
Case 4: Inner and outer edge constrained.
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Figure 5-3: Diagram of a deformed ring bender model.















12 · (1− υ2)
where P is force, in N, applied to the inner edge (as shown in Figure 5-2), with
ω as force per unit length. It is assumed for the purpose of the model that the load
is applied at the inner edge and uniformly distributed aorund the inner edge. C and
L are dimensionless coefficients calculated from equations relating the inner and outer
radii and the Poisson’s ratio, υ, for the material, described by Roark [88]. Coefficients
a, b and t represent the outer radius, inner (hole) radius and thickness of the disc
respectively. Young’s modulus, E, used for the calculations was 66GPa and Poisson’s
ratio was 0.31. These values were supplied by the manufacturer.
5.2.2 Displacement of ring bender
The aim of this analysis is to simulate the high stiffness case, or metallic mount simula-
tion, and compare this with the unmounted displacement prediction for a ring bender
under mechanical load, electrical excitation and the combined effect.
For pure compound bending of a thin piezoelectric bimorph, the bending moment
at any point is related to curvature - both in and out of plane - and the piezoelectric
bending moment, Me:
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where M1 is the bending moment per unit length,
1
ρ1
is the curvature in the same




12 · (1− υ2)
and where E is the Young’s modulus and t is the bimorph thickness [89]. This
assumes pure bending i.e. the lateral sides of any small element cut from the thin plate
remain plane and rotate about an axis within the middle plane (neutral surface) of the
plate.
The in-plane blocking force per unit length of material for the top half of the piezo-




where d31 = d32 is the piezoelectric strain coefficient orthogonal to the poling direc-
tion of the material, ha is the active thickness and e is the field strength. An equal and
opposite blocking force will be generated on the bottom half of the disk. The points





Figure 5-5: Diagram showing mathematical notation for ring bender model.
Figure 5-6: Diagram showing moments on an element of the ring bender model.
A small element in the ring is shown in Figure 5-4, together with the blocking force
in the top half (upper layer). Equal and opposite forces exist in the bottom layer. Con-
sider the equivalent blocking moments in this two dimensional structure. By taking
moments about the tangential direction, the additional moment at the outer radius
(r+ ∆r) compared to the inner radius is due to the piezoelectric force difference in the
radial direction, as well as a component from the circumferential direction:






As shown in Figure 5-5, for a symmetrically loaded disk or ring, if 1ρ1 is the curva-






where φ is the slope (or angle) at the point on the section. Recognising that a


























Consider the small element shown in Figure 5-4. Figure 5-6 is a side view of the
small element showing moment and shear force per unit length acting on the element.
Moment M2 acts on the sides of length ∆r, and has a component in the plane shown
of M2∆r∆θ.
Hence summing moments gives:
(M1 + ∆M1)(r + ∆r) = M1r∆θ + V r∆θ∆r +M2∆r∆θ




r = V r +M2
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Redefining the constants of integration C1 and C2 to simplify the subsequent deriva-
tion:
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[−PR2 lnR− C3(1−R2) + C4 lnR] (5.5)
where the ratio of inner to outer radii is R = riro .
The constants of integration can be found from the boundary conditions. At the
outer edge, the moment is given by the product of the angle and the torsional stiffness
of the mounting:
M1o = −koφo
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Substituting (5.4) and (5.7) into (5.6) gives:
−8piMe = (−3P + 2C3 − C4) + υo(−P + 2C3 + C4) (5.8)
Similarly, at the inner edge, the moment is given by the product of the angle and
stiffness of the torsional mounting:
M1i = kiφi











υi = υ − riki
D
Substituting (5.4) and (5.7) into (5.9):
−8piMe =
[









The constants can be calculated from (5.8) and (5.10), which can be rearranged
into the following matrix equation:
[
−8piMe + P (υo + 3)














The model assumes that in the neutral position the ring bender surface is strain
free. If built-in at both edges this will give an error which is small for small deflections.
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Approximately, a 5% error for deflection which is 30% of thickness [89].
5.2.3 Analytical results
Figure 5-7 shows the predicted free displacement against the normalised radius of a ring
bender when the torsional mounting stiffness is equal to zero. The three lines on the
graph represent the case when only force is applied compared with electrical excitation
only, and then both effects combined. The force applied was 13N (the blocking force) in
the negative y direction relative to Figures 5-7 to 5-10, and the voltage was 200V. The
graph shows the two different shapes being formed by the ring bender under mechanical
and electrical loading. When an electric field is applied the upper green line is dome
shaped and when a mechanical load is applied the lower line in is cone shaped.
Figure 5-8 shows the predicted free displacement of a ring bender when the mount-
ing stiffness at the inner edge is very high or equivalent to rigid clamping at the inner
edge. As the inner edge is constrained, it no longer has the torsional freedom of motion
to form a cone shape and the displacement under mechanical loading is reduced by
approximately half compared with no constraint Figure 5-7, while the displacement
under electrical loading is reduced by approximately an eighth compared with Case 1,
as the dome shape can still be formed. The application of blocking force and maximum
electric field gives a positive displacement which suggests that the blocking force is
increased by a rigid inner edge mount.
Figure 5-9 shows the predicted free displacement of a ring bender when the mount-
ing stiffness at the outer edge is very high or equivalent to rigid clamping at the outer
edge. When the torsional movement is restricted to zero at the outer edge all three load-
ing conditions produce a negative displacement and significantly reduces the available
displacement compared with Case 1. The displacement direction is reversed compared
with the the first two constraint cases shown in Figures 5-7 to 5-10 because the dis-
placement mechanism is dependent on differential contraction of the upper and lower
halves of the ring bender and if the upper and lower outer edges are fixed to zero
displacement in the plane of the ring then it cannot form a dome shape. Instead the
ring bender deflects in a similar way to a conventional rectangular bimorph and total
displacement is significantly reduced. This suggests that a rigid mount at the outer
edge would prevent a ring bender from functioning in a valve, as the displacement is
reduced significantly.
Figure 5-10 shows the predicted free displacement of a ring bender when the mount-
ing stiffness is very high at the inner and outer edge, equivalent to rigid clamping ap-
plied to both edges. The displacement under electrical loading is reduced to zero with
these constraints suggesting that a rigid mount is not a viable option. The next section
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presents the development of the FE model.
Figure 5-7: Case 1 - Zero mounting stiffness.
Figure 5-8: Case 2 - Very high inner edge stiffness (assumed rigid).
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Figure 5-9: Case 3 - Very high outer edge stiffness.
Figure 5-10: Case 4 - Very high stiffness at both edges.
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5.3 Ring bender finite element analysis
Two 2D axisymmetric ring bender models were developed:
1. a model of the ring bender deforming under mechanical load applied to the inner
edge,
2. a model of the ring bender deforming due to the application of an electric field
across the d33 mode of the piezoceramic.
The electric field was model by coupling nodes into three groups and assigning voltages
to the master nodes for each of the three electrodes. Figure 5-11 shows the outer edge
of the second ring bender model for constraint case 1, with the coupled nodes shown in
green and the outer edge lower node constrained in the vertical y-axis. Displacement is
measured from the upper inner edge node (not shown in Figure 5-11). The constitutive
equations used to model the piezoelectric effect are:
S = [SE ]T + [d]E (5.12)
D = [d]TT + []TE (5.13)
where S is mechanical strain, T is mechanical stress, D is electric displacement
field (relating to the polarisation of the material) and E is electric field. [SE ] is the
strain matrix at constant electric field, d is the piezoelectric coupling coefficient relating
mechanical strain and electric field, and []T is the transpose matrix of permittivity.
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where [cE ] denotes the stiffness matrix at constant electric field the inverse of the
strain matrix SE , [e] is the piezoelectric strain matrix and S is the permittivity matrix,
at constant strain. The poling direction of the piezoceramic is perpendicular to the
plane of the ring bender. ANSYS 15 was the finite element analysis software package
used to construct the models.
For each of the two models, the constraints for Case 1, 2, 3 and 4 in Figure 5-2
were applied. This was achieved by constraining specific nodes in the model to zero
displacement. Finally, various stiffness values for the outer edge mount stiffness were
applied to the second model. The mount was modelled as a square of material bonded
to the outer 1mm of the ring bender and the Young’s modulus of this material was
varied to identify the effects.
In the paper published on this work [9] the model did not include the inactive
regions at the inner and outer edges of the ring bender of the alternately poled layers.
However the alternately poled layers are included in the model presented here, which
is more realistic. The prediction for free displacement for this ring bender is slightly
different from the previous model but the same trends are shown.
5.3.1 FEA results
Figure 5-12 shows the predicted shape of the ring bender by the model when at full
electrical excitation. Data from the two dimensional model has been used to generate a
three dimensional representation of the deformed shape of the ring bender. The model
is expanded 270o to show the overall shape as well as a section view. The colour bands
denote displacement from the plane of the ring. Figure 5-13 shows images of the ring
bender FEA model, which are orientated such that the axis of symmetry and inner
edge is on the left, and the outer edge of the disc is on the right side of the image. The
ring bender is simply supported by fixing the outer (right) lower most node to zero
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Table 5.1: Comparison of predicted displacement under 13.5N mechanical load with
experimental results.
Mechanical Constraint Analytical FEA Experimental
Case 1 -184µm -174µm -220µm
Case 2 -91.7µm (-50%) -72.2µm (-59%) -188µm (-15%)
Case 3 -62.2µm (-66%) -68.1µm (-61%) -185µm (-16%)
Case 4 -30.0µm (-84%) -30.1µm (-83%) -160µm (-27%)
Table 5.2: Comparison of predicted displacement and blocking force under electrical
excitation with experimental results.
Mechanical Constraint Manufacturer value FEA Experimental
Case 1 f.d. 185 µm 198µm 201µm
Case 1 b.f. 13 13.5N 14.6N
Case 2 f.d. - 169µm (-15%) 190µm (-5%)
Case 2 b.f. - 26.5N (96%) 13.5N (-8%)
Case 3 f.d. - -45.9µm (-123%) 170µm (-15%)
Case 3 b.f. - 8.5N (-37%) 12.4N (-15%)
Case 4 f.d. - 0µm (-100%) 161µm (-20%)
Case 4 b.f. - 0N (-100%) 12N (-18%)
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Figure 5-11: Outer edge of the ring bender model. Coupled nodes shown with green
triangles, outer lower edge node (bottom right in figure) constrained in vertical y-axis.
displacement in the vertical z-axis. As the model is axisymmetric this is equivalent to
supporting the circumference of the disc. Figure 5-13 shows section views of one half
of the ring bender.
Table 5.1 shows the displacement results when the ring bender is mechanically
loaded at the inner edge. The percentage values represent difference from the case 1
values for each column. The mechanical load was equal to the nominal blocking force
(13.5N) applied in z direction at inner edge of ring bender. The results are compared
with the model predictions for displacement. The analytical and FE results show a
good correlation with displacement predictions for the four cases which validates the
FE predictions. The predictions suggest that the outer edge mount inhibits the dis-
placement of the ring bender more than the inner edge mount and this trend correlates
to the experimental results, however, the magnitude of the decrease is not the same
as the experimental arrangement did not rigidly mount the ring bender. The trend is
interesting as it identifies where the mount flexibility is most needed i.e. at the outer
edge.
Table 5.2 shows the displacement and blocking force results when the ring bender
is electrically excited with a 3kVmm−1 field, and the results are compared with the
predictions of the model. The percentage values represent difference from the case
1 values for each column. Case 1 shows a good correlation with the experimentally
determined value, further validating the FE model. The predictions for cases 2-4 show
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Figure 5-12: Image of deformed ring bender model with data extrapolated from 2D
model to give 270o 3D representation. The model predicts that the free displacement
at the inner edge is 202µm
clearly why a rigid mounting method is not an option and the trend observed, in terms
of displacement decrease with inner and outer edge mounting, again shows that the
displacement is inhibited more by the outer edge mount. The prediction of negative
displacement for case 3 correlates with the prediction of the analytical model.
As highlighted in section 5.2.3, two distinct shapes are being formed by the ring
bender and the shape formed is dependent on whether the applied load is mechanical
or electrical. When a mechanical load equal to the nominal blocking force is applied,
the disc forms a cone shape, Figure 5-13.1a, however when an electric field is applied,
the disc forms a dome shape, Figure 5-13.1b. This agrees with the calculated angles at
the inner and outer edge from Roark [88] as well as the shapes predicted in Figures 5-7
to 5-10. The dome shape exhibits a greater distance, from the plane of the horizontal x-
axis to the lower inner edge of the ring bender, compared with the cone shape when the
maximum electric field (3kVmm−1) and blocking force (13N) are applied respectively.
Figures 5-13.2a and 5-13.2b show that when the inner edge nodes of the ring bender
are constrained to zero motion in the horizontal x-axis, the equivalent of clamping the
inner edge mechanically, the shape formed by the ring bender under mechanical load
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Figure 5-13: FE results for mechanical and electrical loading with four constraint cases
shown.
or electrical excitation is similar. Figure 5-13 shows, along with tables 5.1 and 5.2 that
constraining nodes at the outer edge (Case 3 - fig. 5-13.3a and 5-13.3b) of the ring
bender model, significantly reduces the displacement for both mechanical loading and
electrical excitation. For electric field excitation a rigid clamp at the outer edge inverts
the displacement and a rigid inner and outer edge clamp reduces the ring bender’s
displacement to zero as can be seen in Figure 5-13.4b. The shapes observed across
the four constraint cases in the FE model are the same as the shapes predicted by the
analytical model.
Having validated the FE model with the analytical model and the experimental
results it can be further developed to simulate the effects of using a material with a
lower stiffness to mount a ring bender.
5.3.2 Variation of Young’s modulus of outer edge mounting material
Figure 5-14 shows how the outer edge mount was modelled. The stiffness of the mount
material, labelled, was varied to predict the displacement of the ring bender model
under electrical excitation. Figure 5-15 shows how the predicted displacement of the
ring bender varies as the Young’s modulus of the outer edge mounting material is
increased from 0 to 10GNm−2. The prediction about the effect of outer edge mount
stiffness is used to identify a suitable mounting material and this is presented in Chapter
6. Specifically, Figure 5-14 shows that a mounting material with a stiffness in the MPa
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Figure 5-14: Section view diagram of ring bender model outer edge clamping arrange-
ment.
Figure 5-15: Plot of free displacement of ring bender model under electrical excitation
and no load vs. Young’s modulus of the mounting material at the outer edge. The
inner edge of the ring bender model was unrestrained.
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range is required so that the displacement of the ring bender is not significantly reduced.
The results of the FE analysis support the predictions of the analytical model
and the same deformation shapes are predicted for each case, while the predicted
displacement varies slightly. The predictions support the experimental data, shown in
tables 5.1 and 5.2 and presented in Chapter 6, that the outer edge mount affects the
displacement more significantly than the inner edge mount.
5.4 Discussion
The predictions of the FE model is validated by the predictions of the analytical and
the experimental results for mounting case 1 (no constraint) and suggest that a rigid
outer edge mount will significantly inhibit the displacement of a ring bender. As men-
tioned previously, several aspects of the modelling process involve simplifications and
assumptions, and these are expanded upon in this section. The non-linear behaviour
of piezoelectric materials when driven at high electric fields has not been modelled.
This includes the domain motion within the piezoceramics, the alignment of grains to
the electric field is not considered within the scope of this research. The parameters
of mounting force and mesh size were varied for the FE model and the predictions
were insensitve to the variations. The inactive unpoled layers at the upper and lower
surfaces of the ring bender have not been included in the model. Some preliminary
research showed that inactive layers reduce the predicted displacement, however when
looking at the other effects that are not considered in the model, this approximately
compensated for by the non-linear response to high driving field. The main reasons for
these assumptions are:
1. Including the inactive layers over complicates the model with respect to the pre-
dictions required, and would take significant extra time.
2. The material properties data for unpoled NCE57 are not provided by the manu-
facturer and would have to be extrapolated based on other research [85].
3. The irregular thickness of the real ring bender decreases the stiffness in some
regions, which leads to greater displacement overall.
The final section of this chapter explains the conclusions drawn from the model
with regard to mounting material selection.
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5.5 Conclusions
The results of this analysis suggest that a ring bender could be mounted with a flexible
material without significantly reducing the full range of motion, whilst keeping the ring
bender in the same axial position. The FE model presented can be used as a design
tool for mounting a ring bender with a compliant material and the model can be varied
and expanded to further optimise the mount design. The next chapter presents the
development of a mounting arrangement to secure a ring bender within a nozzle flapper
type servo valve. Three candidate elastomeric materials were selected on the basis of
the model predictions, and the experimental results and comparison are presented and
discussed in the next chapter. The further development of the model continues in
Chapter 8 where the pressure and flow of hydraulic fluid in a servo valve are modelled




Design and analysis of a ring
bender mount and temperature
variation effects
6.1 Introduction
As stated in the previous chapter, the main uncertainty, relating to the concept selected
for further development, was how to mount a ring bender so that it may be used as
an actuator in a servo valve. The following sections will present the development and
testing of the mounting arrangement, including a review of relevant material properties,
the experimental method for displacement and force measurement, and the effects on
the free and loaded displacement of a typical ring bender, resulting from the mounting
arrangement. A paper was published [9] presenting some of the research that is the
subject of this chapter. The aim of the testing, presented in this chapter, was to
establish how much the different mounting options affect the displacement and force
of the ring bender, in order to compare them and select the option that maximises
the axial stiffness whilst minimising the torsional stiffness, so that the ring bender can
deform but will not move from the desired mounting position. Any mounting material
must mount the ring bender such that it performs as desired across the temperature
range for an aero engine component. In order to select a mounting material, the
different options must be tested at a range of temperatures and the results compared
so that the best candidate can be selected for further development. The results of the
temperature variation test are presented in this chapter along with the method and
conclusions.
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Figure 6-1: Section view of ring bender mounted with O-rings.
6.2 Mount design
The mount was manufactured from aluminium and a section view is shown in Fig-
ure 6-1. In order to minimise the negative effect of the mounting arrangement on the
displacement and force, whilst ensuring that the ring bender is mounted securely, the
mount was designed such that the compliant mounting material should contact the in-
ner and outer radial 1mm of the ring bender. This corresponds to the inactive regions
of the ring bender. In Figure 6-1 the compliant mounting material is depicted as an
O-ring. Figure 6-2 shows a ring bender mounted with wave springs, instead of O-rings.
The initial mount design was kept simple so that more than one mounting material
could be tested to identify and compare the effects on the displacement of the ring
bender. The outer edge mount is comprised of two aluminium mounting ring which are
bolted together to secure the ring bender with a compliant mounting material. The
compliant mounting material was placed in between the mounting ring and the ring
bender on both the upper and lower surfaces. The inner edge mount is also separated
into two halves and secures the inner edge of the ring bender with compliant mounting
material in the same way.
6.3 Mounting material selection
In order to use a ring bender as an actuator in the aero engine environment, it must
be securely mounted. The torsional freedom required for the ring bender to deform,
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Figure 6-2: Aluminium mounting rings set up with two wave spring washers to mount
a piezoelectric ring bender.
necessitates the use of a flexible material to allow the ring bender to deform whilst
holding it securely in place. The ideal case would be such that the outer edge of the
ring bender has torsional freedom, while the axial position of the ring bender does
not significantly displace. The following section describes the design criteria that were
identified to focus the search for potential material candidates.
Comparing the properties of piezoceramics, elastomers and metals, it was clear that
mounting a piezoceramic with either of these two materials requires consideration of
different material properties. For elastomers, the Young’s modulus is not used as a
measure of stiffness because the load-deflection curve is not straight. The character-
istic curves for the elastomeric materials tested are presented in section 6.6. Broadly,
for elastomers the stiffness should be lower than the piezoceramic (approximately 60-
70GPa) so that, during actuator deformation, strain will be generated mostly in the
compliant mounting material. For a metallic concept, the metal spring must be flexible
such that it deforms before the ceramic breaks. Piezoceramics, as with most ceram-
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ics, are characteristically brittle materials, and the mounting device needs to secure
the ring bender in position whilst inhibiting the torsional displacement the least and
causing the least wear to the materials.
6.3.1 Material characteristics
There are several material properties that were considered in order to identify the
ideal material for this problem. When researching potential material candidates it was
found that some suppliers and researchers published different data on their materials
and different types of materials used different types of material properties to describe
them, which made direct comparisons of all material candidates difficult. A brief
explanation of each material property that was considered is presented in the following
subsections but direct comparisons are not shown.
Creep
Creep in elastomeric materials refers to the amount of deformation observed in the
material over time when subjected to constant stress. This is important as too much
deformation in the mounting material will affect the mounting force and possibly the
position of the ring bender.
Permanent set
Permanent set in an elastomeric material is a measure of the amount of deformation
remaining in the material when the force, that was acting to deform the material, is
removed.
Young’s modulus
The desired response for the compliant clamping material is that it will deform when
the piezoceramic is energized to decrease the stress exerted by the mount on the piezo-
ceramic. The material should deform elastically and return to its original shape when
the piezoceramic de-energises so that performance is consistent.
Finite element analysis of the effects of a compliant material clamping the outer
edge of the ring bender on the predicted displacement was conducted and discussed in
Chapter 5. The Young’s modulus of the clamping material was varied to identify its
effect. The model predicts that as the stiffness of the mounting material increases the
displacement of the ring bender decreases.
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Temperature range, Glass transition temperature and Thermal expansion
coefficient
For aerospace applications the required temperature range of operation is -54oC to
+167oC for continuous operation, with transient excursions to +181oC maximum for
up to 15 minutes. Also the components of the fuel metering unit within a gas turbine
engine are subject to rapid temperature change events. The behaviour of any com-
pliant clamping material must be acceptable during both of these situations. [84] The
Glass transition is important to consider as below a certain temperature (dependent on
material composition) elastomers change from being compliant or rubbery to hard and
brittle. While different materials expand by different amounts with increasing tem-
perature, most solid materials expand upon heating and contract when cooled. The
change in length with temperature for a solid material can be expressed as:
lf − l0
l0










where l0 and lf represent the original and final lengths with the temperature change
from T0 to Tf respectively, and α1 is the coefficient of thermal expansion [90].
The average coefficient of thermal expansion, CTE, of aluminium is 24× 10−6K−1 [90].
The CTE of the prototype mount material is different to that of PZT [15], therefore
the compliant clamping material, located in between these two materials, should be
selected to compensate for this difference as much as possible while also considering
the other design criteria.
Lifetime
At present, the lifetime requirement for components within Rolls-Royce’s gas turbine
engines is 30,000hrs [84]. It is difficult to predict how a material will behave in a
new environment over many motion cycles, and data about material lifetime, from the
manufacturer, may not be a good indicator of how the material will perform in an
aero-engine environment. However, it makes sense to favour materials that have been
lifetime tested in similar environments and shown to perform consistently over many
cycles.
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Figure 6-3: Fuel variants used in aero engines [84].
Static coefficient of friction
The mounting material is required to keep the ring bender securely mounted in the
radial direction as well as the axial direction, so the static coefficient of friction should
be considered in order to ensure that the ring bender cannot slip within the mounting.
When the ring bender is in motion the mounting material should deform so that there
is no sliding of the piezoceramic against the mounting material. This will eliminate the
risk that the ring bender could move in the radial direction into an off-centre position
after a number of cycles.
Electrical conductivity
The electrodes of the ring bender are exposed on the outer edge and so any mechanical
mounting device must insulate the electrodes to prevent short circuits when electrically
loading the ring bender. As the metallic clamp, that will be used to bolt the ring bender
and compliant clamping material together, will be conductive, the electrodes must not
contact the metal clamp without an insulator layer.
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Resistance to aggressive fluids e.g. oil, fuel etc.
Figure 6-3 shows a table of the fuels that the ring bender could be immersed in. A
standard Jet fuel is AVTUR JP1 which is made up of a range of hydrocarbons including
Kerosene. The fuel also contains several additives such as: antioxidants comprised
of alkylated phenols; antistatic agents with dinonylnaphthylsulphonic acid; corrosion
inhibitors; icing inhibitors; biocides; metal deactivators; and some water will also be
present in the fuel. See Chapter 4 for discussion of the effects of water in piezoceramic
materials. When immersed in certain fluids, some materials will undergo pitting and
performance degradation due to chemical reactions occurring in the material as a result
of the surrounding fluid. Some of these fluids are present in fuel and because of this the
material that is selected for the mount should be resistant to these fluids. Some other
examples of these fluids are acids, alkalis, phosphate esters. Any actuator subjected
to this environment must not undergo significant degradation with exposure to these
aggressive fluids. Piezoceramic materials may need to be encapsulated in order to
prevent contact with these fluids. However, encapsulation of the actuator is not within
the scope of this research.
The characteristics, presented above, of a material may vary with temperature
(depending on the material selection) and it is necessary that the characteristics are
acceptable across the entire temperature range.
6.4 Mounting concepts
Five alternative mounting concepts were devised. Three were based on O-rings made
from Nitrile, Fluorosilicone and Fluorocarbon, two were based on metal springs. These
concepts are explained in the following two subsections.
6.4.1 Elastomer O-rings
Figure 6-4 shows a typical nitrile O-ring. The outer edge mounting O-ring was selected
to overlap the outer 1mm of the ring bender and in doing so insulate the electrodes at
the outer edge. The inner edge mounting O-ring was selected such that the internal
diameter was great enough for a metallic component to fit through the ring bender
central hole with minimal clearance. As the diameter of the hole is 8mm, the O-ring
inner diameter was selected to match so that an inner edge bolt and nut type mount
would fit through both the ring bender and the O-ring with minimal clearance. This
means that the inner edge O-ring is likely to contact more than the inner inactive
1mm region, however, the predictions of the model in Chapter 5 suggests that the
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Figure 6-4: Image of a typical Nitrile O-ring (diameter 37.7mm) [91].
displacement is less sensitive to mounting at the inner edge than at the outer edge.
The dimensions of the large outer edge mounting O-ring is inner diameter of 37.7mm
and thickness of 3.5mm. This O-ring size was selected as the mounting advice from
the manufacturer stated the ring bender should be mounted with the outer radial
1mm of the disc. It was estimated that when mounted, an O-ring of this size would
approximately contact the outer radial 1mm. However, it was difficult to record the
exact size of the contact region and it is likely that the size of the contact region varies
as the ring bender deforms.
Nitrile
The dimensions of the nitrile O-rings are shown in table 6.1. A preliminary compari-
son between two different thickness Nitrile O-rings was conducted. Nitrile O-rings of
2.5mm thickness (and the same diameter) were compared, and it was found that the
displacement was inhibited less with the 3.5mm thickness O-rings, and so these were
selected for further research. It was known at the beginning of the testing process
that Nitrile would not meet all the material requirements necessary for the intended
application, for example, the temperature range requirement. However, to begin with
Nitrile O-rings were available and were used to identify, broadly, whether or not the
concept of elastomeric mounting would work.
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Table 6.1: Dimensions and characteristics of elastomer O-rings.
Parameter Nitrile Fluorosilicone [92] Fluorocarbon [93]
O.E. dia. 37.7mm 37.47mm 37.7mm
O.E. thickness 3.5mm 3.53mm 3.5mm
I.E. dia 8mm 7.52mm 8mm
I.E. thickness 3.5mm 3.53mm 3.5mm
Shore A hardness 70+/-5 70+/-5 75+/-5
Temperature range -35oC to +110oC* -60oC to 177oC* -51oC to +204oC
Glass transition - -60oC -51.7oC
Compression set** - 12.78% 8.0%
Volume change*** - +21.47% +7.2%
O.E. is outer edge and O.E. is inner edge.
*Dry heat only.
**22 hours at 175oC.
***in oil for 70 hrs at 200oC.
Figure 6-5: Compressive force with compressive extension for Nitrile, Fluorosilicone
and Fluorocarbon O-rings.
Fluorosilicone
Some of the relevant performance characteristics and dimensions of the fluorosilicone,
FS, O-rings are presented here. The grade of Fluorosilicone was F70 and the dimensions
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and specifications of the mounting O-rings are shown in table 6.1. It is known that
fuel absorption of fluorosilicone of this composition over time is greater compared with
fluorocarbon.
Fluorocarbon
The Fluorocarbon, FC, grade was 3480 and the basic polymer is labelled FKM. The
dimensions and specifications for the mounting O-rings are shown in table 6.1. The vol-
ume change in oil is greater for the fluorosilicone O-ring and any change in dimensions
will change the size of the piezoceramic-elastomer contact region which could affect
the displacement of the ring bender. The glass transition point for the fluorocarbon
material is close to the minimum of the specified temperature range which suggests
that, when mounted with Fluorocarbon O-rings, the ring bender displacement may be
reduced at low temperatures due to increased mount stiffness [93]. If the stiffness of
the mount increased enough the ring bender could be damaged.
Figure 6-5 compares the measured compressive displacement of the three elastomer
O-rings under compressive load. Nitrile has the largest stiffness of the three and fluo-
rosilicone is the least stiff. When mounting a ring bender to achieve the same mounting
force the fluorosilicone O-ring will need to be compressed more than the fluorocarbon
O-ring.
6.4.2 Metal springs
When using the metal springs to mount a ring bender it was necessary to insulate the
electrodes with epoxy to prevent a short circuit. The two types of metal spring that
were tested were the wave spring and the finger spring.
Wave spring
Figure 6-6 shows a diagram of a wave spring. The dimensions of the wave spring
selected for testing are such that the contact region would be larger than with the O-
ring concepts. The concept was to use a flat circular spacer in conjunction with the wave
spring in order to spread the contact region across the outer 1mm circumferentially.
This needed to be thin enough to remain flexible whilst expanding the contact region.
It was assumed that having three contact points, the three peaks of the wave spring,
would increase the risk of wear at the contact points. Compared to the finger spring
concept the wave spring concept was stiffer due to the use of a metal shim designed to
increase the contact region from three points to a continuous outer edge contact region.
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Figure 6-6: Wave spring with dimensions D0 = 41.17mm, Di = 32.03mm, L0 = 2.84mm,
L1 = 1.42mm, t = 0.47mm [94].
Figure 6-7: Finger Spring with dimensions D0 = 39.5mm, Di = 25.4mm, L0 = 3.18mm,
t = 0.457mm [94].
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Finger spring
Figure 6-7 shows a diagram of a typical finger spring that was used to mount the ring
bender. The dimensions of the finger spring selected for testing were such that the
inner diameter was much smaller than the wave spring or O-rings. The finger spring
was radially larger than the wave spring, due to the protruding fingers, and this made
use of the same mount impractical. However, preliminary tests showed that the finger
spring was not axially stiff enough to mount the ring bender securely and so this concept
was dropped.
6.5 Experimental method
The experimental method for determining free displacement of the ring bender is the
same as presented in Chapter 4. That is, the displacement of the ring bender was
measured using a chromatic light profilometer (Scantron Proscan 2000). The range of
the sensor used for the tests is 3000µm and the resolution is 1µm. Figure 6-9 shows
the apparatus used to record the compressive displacement with compressive load for
the elastomer O-rings as well as the finger and wave springs. A maximum load of 200N
was applied to the elastomers, to identify how the O-rings compress across this range,
however the mounting force used to conduct the ring bender displacement tests was
lower than this.
The compressive force on the outer edge of the ring bender that was set when
mounting the ring bender was approximately 75N. This was achieved by setting the
O-ring compression to the corresponding force. This was controlled by tightening
the bolts on the mounting arrangement to achieve a pre-calculated distance between
the aluminium rings. This force was selected as it is an order of magnitude greater
than the chip shear force of 5N. Figure 6-13 shows the compressive displacement vs.
compressive load graph used to calculate O-ring mounting force. To distribute forces
evenly around the outer edge of the ring bender, the ring bender was lined up so that an
approximately equal amount of O-ring overlapped the outer edge all the way around.
This was designed to be as close to a 1mm radial overlap region as possible.
6.6 Results
The elastomer concept allows for a ring bender to be mounted with a large force (up to
200N) without significantly reducing the displacement. Both the wave and finger spring
washers significantly reduce the displacement of the ring bender and give a less rigid
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Figure 6-8: Picture of a typical ring bender (CMBR07) mounted with Fluoroilicone
O-rings positioned on the displacement test rig.
Figure 6-9: Picture of compressive load-deflection test rig.
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Figure 6-10: O-ring during compression test.
support in the axial direction than either the Nitrile, Fluorosilicone or Fluorocarbon
O-rings.
The internal diameter of the finger springs used in the initial tests was too small
and so the results may be improved when larger springs are obtained. However, the
spring rate graph is linear and a much lower gradient than the fluorosilicone O-rings,
suggesting that it will be difficult to achieve the same mounting force with the larger
finger springs and unlikely to lead to an improvement in displacement. The finger
spring concept was not researched further.
The uneven height of the wave spring waves gave the change in spring rate gradient
when compressed. This is not significant when clamped as the wave spring is com-
pressed anyway, however, uneven height of the wave spring may imply that the wave
spring is not axisymmetric and therefore lead to uneven loading of the ring bender,
which may increase the risk of fracture or damage.
The development of the wave spring concept was also halted, as ring bender dis-
placement was decreased by approximately 46%.
It should be noted that the performance of the ring benders used for testing varied
in displacement and blocking force as much as is suggested by the manufacturer value
of 15% [15]. The results for the three elastomeric concepts will now be presented and
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Figure 6-11: Experimental displacement results for mounting condition cases 1 to 4
against voltage. The tests were conducted in uni-directional (2-wire) mode.
Figure 6-12: Compressive load vs. compressive displacement for a typical Nitrile O-
ring, dimensions: I.D. = 37.7mm, Th = 3.5mm.
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Figure 6-13: Compressive force vs. compressive extension for Nitrile, Fluorosilicone
and Fluorocarbon O-rings when mounted in half of the clamp.
Figure 6-14: Compressive force vs. compressive extension for Nitrile, Fluorosilicone
and Fluorocarbon O-rings when mounted in the full clamp with a ring bender.
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Figure 6-15: Repeats for compressive displacement vs. compressive load for two typical
Nitrile O-rings for the outer edge mounting. Specimen Number1-5 represent repeat
tests for the first nitrile O-ring, specimen Number 6-10 represent repeat tests for the
second nitrile O-ring.
discussed in more detail.
6.6.1 Nitrile O-ring mounting material
Figure 6-15 compares the measured compressive displacement of two typical Nitrile
O-rings under a compressive load. It can be seen that the stiffness varies with repeated
loading and unloading and the stiffness of the two Nitrile O-rings is slightly different.
The left most curve of each of the two clusters of curves represents the first test for each
O-ring, and with subsequent tests the stiffness decreases. Figure 6-15 shows that at
200N compressive load the compressive displacement of each of the two Nitrile O-rings
is different by approximately 0.1mm. The initial tests of the mounting arrangement
were conducted using Nitrile O-rings as the elastomeric mounting material. Figure 6-
11 shows that the displacement is reduced when either the inner or outer edge mount
is applied, but crucially it shows that the reduction in displacement is small, 10µm,
for the inner edge mount and larger, 30µm, for the outer edge mount. The results
presented in Figure 6-11 were collected from the same sample ring bender actuator.
6.6.2 Fluorosilicone vs. Fluorocarbon O-ring mounting material
Figure 6-5 shows compressive force vs. compressive displacement for typical Nitrile,
Fluorosilicone and Fluorocarbon O-rings when unclamped and Figure 6-13 shows the
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Figure 6-16: Comparison of the displacement of a typical ring bender when unmounted,
when the outer edge is mounted with fluorosilicone O-rings and when mounted with
fluorocarbon O-rings.
same for the three O-rings when mounted in half the mount. When tested in the mount
the compressive displacement of the three elastomers is lower for the same force com-
pared with testing compression with on mount. This means that when mounting the
ring bender, the compressive displacement will be less than for the unmounted O-ring to
achieve the equivalent mounting force. For each graph several repeats were conducted
to identify how the relationship varies with multiple compression and expansion cycles.
To achieve the ∼75N mounting force the FC O-rings were compressed 0.4mm each,
whereas the FS O-rings were compressed 0.55mm each.
The results of the FE analysis conducted in Chapter 5 suggest that the Young’s
modulus of the mounting material is the significant factor in determining the reduction
in displacement that is observed when mounting. However, the model did not consider
the increasing size of the ring bender O-ring contact region as the O-rings compress
more with increased mounting force. An increase in the size of the contact region
will increase the resistance to motion on the ring bender and as a result ring bender
displacement will be impeded.
As can be seen in Figure 6-16 the fluorosilicone O-ring material inhibits the motion
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Figure 6-17: Variation of elastomer hardness with temperature. Nitrile is labelled NBR,
Fluorosilicone is FMVQ and Fluorocarbon is FKM. [95]
of the ring bender more than the fluorocarbon at room temperature. As the mounting
force was the same for this comparison the increased reduction in displacement is
caused by the larger contact region with the fluorosilicone O-ring, which needs to be
compressed more to achieve the same mounting force as its stiffness is lower.
6.7 Effects of temperature variation on ring bender dis-
placement
The following sections will show how the performance of a typical ring bender actua-
tor, mounted using Fluorosilicone or Fluorocarbon O-rings, varies with temperature,
specifically, how the temperature change affects displacement. The two aims of this
research were a) to record how ring bender displacement varies across the tempera-
ture range and b) to identify a suitable material for clamping a typical ring bender by
comparing how temperature affects the stiffness, and hardness, of the two elastomer
candidates, namely, fluorosilicone and fluorocarbon. Figure 6-17 shows how the hard-
ness of several elastomers, including nitrile, fluorosilicone and fluroocarbon, varies with
113
temperature, and in particular shows that the hardness is greater at low temperature
-57oC compared with 27oC. The ring bender needs to have acceptable performance
across the temperature range and so the elastomer O-rings must not significantly in-
hibit the displacement or force characteristics of the ring bender across the specified
temperature range. The operational temperature range, across which a component in
the aero-engine environment must perform, as specified by Rolls-Royce Control and
Data Services (CDS), to be -54oC to +181oC [84].
Considering the relation of the piezoelectric effect to temperature, previous work
by Hooker [96] reports a change, with temperature, in the piezoelectric coefficients,
d33 and d31, of PZT 5A, which are of a similar composition to the PZT found in ring
benders used here (Noliac NCE57). PZT-5A shows a decrease in the d33 coefficient of
approximately 17% when at -50oC compared with room temperature (20oC) and the
d31 coefficient decreases by approximately 26%. At 200
oC the d33 and d31 increase
by 11% and 42%, respectively. The Curie temperature of PZT-5A is approximately
320oC (depending on production) which is close to the stated value for Noliac’s NCE57
composition of 350oC [15]. This information indicates that the free displacement of the
ring bender will decrease at lower temperatures and increase at higher temperatures,
whilst still below the Curie temperature of the material. The expectation is that the
results show a similar trend to work by Hooker. Heating the ring bender will allow
increased ferroelectric domain motion within the piezoceramic material, which will
allow more of the domains to align with the electric field direction and for the domains
to be more aligned on average [96]. Then the displacement, when excited by the same
electric field, will be greater. The opposite effect is observed when cooling the material.
The stiffness of both of the elastomers is also expected to vary with temperature [97]
which, based on the theoretical predictions in Chapter 5, would affect the displacement
of the ring bender by increasing the torsional stiffness at the inner and outer edges. As
the ambient temperature is decreased elastomers approach the glass transition point,
explained in Chapter 4, at which stiffness increases significantly. It was predicted that
if this happens to either elastomer during testing, the displacement of the ring bender
would be significantly reduced.
The test plan was to compare the ring bender displacement results at various tem-
peratures when unmounted initially, and then identify the effects of each of the two
mounting elastomers across the temperature range.
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6.8 Experimental method
Figure 6-1 shows the mounting arrangement and the two aluminium mounting rings
that were used to compress the O-rings. The mounting force of the O-rings on the
ring bender was 75N at room temperature. A sine wave input with a frequency
of 1Hz was used to electrically excite the ring bender. The choice of frequency was
arbitrary but low to minimise other effects on the displacement and focus on changes
due to temperature variation. As a result of the addition of a voltage monitor to the
amplifier, there was a slight bias from the zero volt position at the start of the tests,
this also led to a small overshoot at the upper voltage limit. The maximum positive
displacement was recorded at +100V Volts. Displacement measurements were sampled
at 1000Hz for 10 seconds for each test.
Initially, the effect of temperature on the free displacement of the piezoelectric ring
bender was identified. The influence of the fluorosilicone O-ring and fluorocarbon O-
ring mounting arrangement were then examined to compare ring bender performance
under these two mounting conditions, whilst in bi-directional (3-wire) mode.
Figure 6-18: Image of ring bender on half of the clamp with solid CO2 pellets in a
polystyrene bath. Top half of clamp is not included to show ring bender. The optical
pen occupies the upper portion of the picture. (More solid CO2 pellets were used
during the actual testing.)
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6.8.1 Low temperature tests
Figures 6-18 and 6-19 show the low temperature test arrangement. In order to lower the
temperature of the ring bender, O-rings and clamp, solid CO2 pellets were used. The
clamp was positioned in an insulated bath and surrounded with solid CO2, which has
a sublimation point -78oC. The temperature was measured using two thermocouples
inserted into drilled holes in the lower of the two aluminium rings. As aluminium has
good thermal conduction, this arrangement should give an accurate measurement of
the temperature of the ring bender and elastomer. The time taken for temperature to
decrease from room temperature, 23oC, to -50oC was two to three hours and varied with
the quantity of CO2 placed in the bath. The quantity of the CO2 has to be balanced
so as not to interfere with the displacement measurement. The significant test dura-
tion was also used to maximise thermal equilibrium throughout the three component
materials. The ring bender was placed in the bath and tests were conducted at 10oC
intervals from room temperature (23oC) down to -50oC and then with temperature
increasing back to 23oC again.
6.8.2 High temperature tests
A flat heating plate was used to raise the temperature of the mounting arrangement.
The heating plate was placed on the stage of the displacement sensor and the test rig was
Figure 6-19: A section view diagram of the ring bender mounted in clamp with O-rings,
with thermocouples attached, in a polystyrene bath with solid CO2 pellets.
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Figure 6-20: Picture of the ring bender in the mount with Fluorocarbon O-rings on
the surface of the hotplate.
placed on the heating plate, as shown in Figure 6-20. The temperature was measured
with two thermocouples inserted into holes in the clamp. A period of at least ten
minutes was set per test to maintain thermal equilibrium throughout the ring bender
mount. The displacement of the ring bender was recorded at room temperature, 23oC,
and then as the temperature was increased, measurements were made at intervals of
20oC from 40oC to 180oC. Three tests were conducted at each temperature to establish
the accuracy of the measurements
6.9 Results
Figure 6-16 compares the free displacement of a ring bender when unmounted with the
free displacement when the ring bender is mounted with each of the two elastomeric
materials used in this chapter i.e. FS and FC. It is important to understand how
the displacement at high and low temperatures compares with the results at room
temperature. The fluorosilicone arrangement reduces the displacement the most of the
two mounting options, by 17% versus 8% reduction with the fluorocarbon O-rings at
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Figure 6-21: Free displacement of an unmounted ring bender in bi-directional mode
versus voltage at three different temperatures recorded in degrees Celsius.
Figure 6-22: Displacement of a typical ring bender against applied voltage when un-
mounted, when mounted with fluorosilicone O-rings and when mounted with fluoro-
carbon O-rings.
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Figure 6-23: Displacement of a ring bender mounted with fluorosilicone O-rings against
applied voltage at four different temperatures in the range -50oC ≤ T ≤ 0oC.
Figure 6-24: Displacement of a ring bender mounted with fluorosilicone O-rings against
applied voltage at temperature T = 180oC .
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Figure 6-25: Displacement of a ring bender mounted with fluorocarbon O-rings against
applied voltage at various temperatures in the range -50oC≤ T≤ -10oC.
room temperature. This gives an understanding of the baseline and then the results
presented in this chapter can be contrasted with this. Figure 6-14 shows the compressive
extension vs. compressive force for the three elastomers used in this research. It can
be seen that the under these conditions the fluorocarbon material has a higher stiffness
than the fluorosilicone. This suggests that, as the same mounting force is used when
mounting the ring bender, the overlap region of the fluorosilicone onto the outer edge of
the ring bender is greater than the overlap region of the fluorosilicone which accounts
for the difference in the decrease in displacement observed. The fluorosilicone inhibits
displacement more at room temperature because the O-ring contact region is larger
and potentially overlaps the active region of the ring bender.
6.9.1 Unmounted displacement temperature test
In Figure 6-21, the results for the displacement of an unmounted ring bender in bi-
directional mode are shown at 23oC, -20oC and -50oC. The graph shows a change in
performance of the ring bender when the temperature is decreased to -50oC from 23oC.
The displacement of the ring bender is reduced by approximately 16% under these
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Figure 6-26: Displacement of a ring bender mounted with fluorocarbon O-rings against
applied voltage at temperature T = 180oC .
conditions. This correlates with the 17% decrease in the d33 coefficient of PZT-5A
when at -50oC cited in the introduction to this chapter.
6.9.2 Fluorosilicone O-rings temperature tests
Figure 6-23 shows how the displacement of the ring bender decreases when the tem-
perature is lowered using the fluorosilicone mounting arrangement. The displacement
is reduced to 115µm at −50oC and the change in displacement with temperature is
gradual i.e. there are no significant jumps between the recording temperatures.
In Figure 6-24, it can be seen that when the temperature is at the upper limit,
180oC, the displacement measurement becomes less precise. The maximum displace-
ment recorded, at 180oC, was +/-180µm which is an increase of 20% compared with
room temperature. One possible explanation for the measurement instability is that
a region of high temperature air develops just above the optical target on the clamp
which affects the light used by the chromatic profilometer to determine displacement.
6.9.3 Fluorocarbon O-rings temperature tests
The stiffness of the elastomer increases as temperature decreases until it reaches its
glass transition point. The temperature range for the fluorocarbon O-ring, specified
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Figure 6-27: Free displacement of a ring bender in bi-directional mode against temper-
ature with a driving voltage of +/-100V applied at 1Hz. The displacement values are
equal in the positive and negative direction and so just one positive value is plotted.
by the manufacturer, is -51oC ≤ Top ≤ 204oC. The displacement of the ring bender
decreases significantly between -30oC and -50oC as can be seen in Figure 6-25. The
hysteresis can also be seen to vary, in Figure 6-25, as the temperature is lowered, being
larger at -40oC and then smaller again at -50oC. The linear change of displacement
with temperature is due to the piezoceramic material whereas the non-linear change
shown in Figure 6-27 is due to the stiffness of the fluorocarbon O-rings increasing as
the temperature is decreased.
Figure 6-26 shows that the displacement of the ring bender increases to approx-
imately 194µm at the high temperature limit however it can also be seen that the
measurement is noisier.
Figure 6-27 compares the free displacement of the unmounted ring bender with
the displacement under fluorosilicone and fluorocarbon mounting arrangements. The
free displacement decreases as temperature decreases and at -50oC the displacement is
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Table 6.2: Displacements at temperature extremes with different mounting conditions
Temperature Unmounted Fluorocarbon Fluorosilicone
180oC 200µm 194µm 180µm
23oC 175µm 160µm 150µm
-50oC 147µm 45µm 115µm
147µm, a 16% reduction in performance compared with room temperature performance.
Table 6.2 compares the displacement results at the upper and lower temperature
limits with the room temperature measurement for the three mounting conditions.
The fluorosilicone mounting arrangement decreases the performance of the ring bender
by 14% at room temperature, and at the low temperature limit the displacement of
the ring bender is reduced to +/-115µm. The fluorocarbon mounting arrangement
decreases the performance of the ring bender by 9% at room temperature, and at the
low temperature limit the displacement of the ring bender is reduced to approximately
+/-45µm, an overall performance reduction of 74%. The unmounted displacement
increased by 14% at 180oC compared with room temperature. The displacement using
the fluorosilicone mounting arrangement increases with temperature by approximately
20%.
The difference in the increase in performance between the unmounted test and the
two mounting arrangements suggests that the stiffness of the elastomers decreased at
the high temperature limit. This allowed the ring bender more torsional freedom at
the inner and outer edges and thus the displacement was greater.
Comparing these results with the model in Chapter 5 including the mounting ma-
terial, it is clear that as the temperature is decreased the stiffness of the elastomers
increases and the prediction of the Young’s modulus variation model suggests this
will decrease the displacement of the ring bender which agrees with the experimental
findings.
6.10 Conclusion
The novel aspects of the research presented in this chapter are:
1. The first comparison of elastomeric and metallic mounting concepts for a ring
bender,
2. The first comparison of ring bender mounting with elastomers of different stiff-
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ness.
3. The first characterisation of ring bender displacement at high and low tempera-
tures,
4. The first characterisation of effects of an elastomeric mount on the displacement
of a ring bender at high and low temperatures.
It is clear from the results that some torsional flexibility at the outer edge is nec-
essary for the ring bender to be used as an actuator, otherwise displacement is signif-
icantly inhibited. The results also show that the displacement is more dependent on
outer edge torsional flexibility than on inner edge torsional flexibility. It is a beneficial
and unexpected result that inner edge mount reduces negative displacement due to in-
ner edge mechanical loading, but does not significantly affect the positive displacement
due to electrical excitation. This result is interesting because it suggests that the ring
bender may be securely mounted using an elastomeric material without significantly
reducing the displacement.
There was an issue in terms of comparison, because in order to achieve equivalent
mounting force with the two O-ring materials, each required different amounts of com-
pression which leads to different amounts of overlap at the edge of the ring bender. As
it is difficult to know exactly the size of the contact region between the ring bender
and the O-ring when compressed, it is hard to estimate how much the overlap region
affects the performance of the ring bender. Further, it is difficult to compare the three
O-ring materials in one way as both the compressive mounting force and the overlap
region could affect the free displacement and blocking force of a ring bender.
The fluorosilicone O-rings have a greater restriction on the displacement of the
ring bender than the fluorocarbon O-rings, when the ring bender is mounted at room
temperature. However, as the temperature is reduced the fluorocarbon significantly
reduces the displacement of the ring bender, reducing it to around +/-45µm at the low
temperature limit. This change in the stiffness is not observed in the fluorosilicone case
and while the displacement reduces with temperature this is by a similar proportion to
the reduction in displacement for the free (unmounted) case. With the fluorosilicone
arrangement, the ring bender is still displacing by +/-115µm which is acceptable for
the planned application.
The manufacturer states that the maximum operating temperature of the ring ben-
der is 150oC [6]. The ring bender performs at higher temperatures, however the dis-
placement measurement has greater noise at temperatures above 150oC and so the
results are less precise. Lifetime testing at high and low temperatures has not been
undertaken.
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The results show a decrease in the displacement of the ring bender at low temper-
atures which supports the results from the literature concerning materials of similar
composition [96]. Similar work with PZT-5A showed a decrease of the d33 coefficient
of the material of 17%, which matches the decrease in displacement observed with the
free displacement tests conducted for the NCE-57 material. The displacement of the
ring bender is achieved by differential contraction of multiple bonded layers using the
d31 mode contraction. The results from Hooker [96] show, however, that the decrease
in the d31 coefficient of PZT-5A at -50
oC is 26%. So the decrease in displacement is less
than would be expected if the prediction is based on the decrease in the d31 coefficient
of PZT-5A.
It was found that the displacement of the ring bender was approximately the same
when the test temperature was reached by either approaching from a lower temperature
or a higher temperature.
Expansion and contraction of the aluminium mount at high and low temperatures
may affect the compression of the O-rings in the mount. Thus increasing or decreasing
the mounting force of the O-rings on the ring bender, or the outer edge overlap distance
of the O-rings around the ring bender. Both of these possibilities could have a small
effect on the displacement of the ring bender.
The slight overshoot above 100V seen in Figures 6-21 to 6-26, due to a slight bias
from the amplifier, shows the ring bender can perform when the electric field is greater
than the maximum recommended [6]. Further work could investigate the maximum
possible driving field and whether lifetime is affected by higher field.
For the fluorocarbon mounting, the decrease in displacement observed at the low
temperature limit is significant and rules out this arrangement from being developed for
further temperature tests. Based on the results, the fluorosilicone mounting is superior
and will be used for further development.
The hysteretic behaviour of the fluorocarbon mounted ring bender decreases slightly
with decreasing temperatures down to approximately -30oC and then increases signifi-
cantly. The difference in the displacement results between the free and mounted con-
ditions suggests that the increase in stiffness of the elastomers at lower temperatures
is responsible for these effects.
One potential source of error for the high temperature test procedure was the
asymmetrical heating of the ring bender caused by the placement of the test rig on top
of a heating plate. Further work could be undertaken to research how the temperature
and rate of change of temperature varied between the three materials in more depth,
but that was beyond the scope of this research. In general, each of the tests was
repeated multiple times and little variation was observed between tests suggesting that
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there was little overall uncertainty in the results.
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Chapter 7
Development of a ring bender
actuated servo valve
7.1 Introduction
This chapter will present the development of a prototype nozzle flapper type servo valve
actuated by a ring bender actuator, followed by test results, conclusions and further
work. The ring bender is mounted with fluorosilicone O-rings as described in Chapter
6. The analytical model of the valve is examined in Chapter 8. The design of the
prototype is shown including sensor placement and the hydraulic circuit. Then the
results for pressure and flow are presented for different test conditions. There were two
stages of testing, namely, blocked port mode and connected port mode. In blocked port
mode, control ports 1 and 2 are not connected and pressure was recorded as voltage to
the ring bender was varied. In connected port mode, control ports 1 and 2 are connected
by a flow meter. It is standard practice for servo valves in the aero engine environment
to use dual lane control for redundancy. This means that the nozzle flapper can be
driven by two separate actuators. In a typical torque motor nozzle flapper valve, as
described in Chapter 2, there are two electromagnet coils that can be used to move the
flapper. The function of dual lane control is to ensure that if one actuator fails, there
is a second for redundancy. The prototype has been designed to be set-up in single
lane and dual lane modes whereby one or two ring bender actuators are mounted in
the valve, respectively. Both of these modes of operation are tested and the results are
given. The next section expands on the experimental configuration of the valve.
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Figure 7-1: Diagram of the ring bender actuated pilot stage valve and connections to
a main stage spool valve.
7.1.1 Operation of a two stage nozzle flapper servo valve
Figure 7-1 shows a diagram of the ring bender in a flapper valve. The red line represents
supply pressure, PS , the green lines represent control port pressures upstream of the
nozzles, and the blue area represents low pressure, PR. Flow moves from red to green
to blue. The red arrow on the ring bender in the centre shows the motion of the nozzle
target at the centre of the ring bender. The ring bender deforms under electrical
excitation and moves the nozzle target mounted at the inner edge (centre of the ring
bender) in the direction of the red arrow to restriction one of the nozzles, dependent
on the applied electric field.
The operating principle of a ring bender actuated nozzle flapper type servo valve
pilot stage is as follows, with reference to Figure 7-1:
1. In the starting/null position (voltage applied to actuator is zero) the clearance
of the nozzle target from each nozzle is the same. This gives an equal restriction
through the nozzles and thus pressure balance at control ports 1 and 2. If the
ports are connected to either end of a main stage spool then the net force on
the spool is zero in this position. For the intended aerospace application there
would, in practice, be an offset such that, in the case of electrical failure to the
actuator, the main stage spool valve would move to close the fuel flow path to the
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combustion chamber, and therefore at the null position the pressures at Ports 1
and 2 would not be balanced.
2. A potential difference is applied to the electrodes of the actuator such that an
electric field is produced in the layers of the ring bender and a bending moment is
generated in the actuator. The actuator deforms and the nozzle target connected
to the central hole of the ring bender moves to restrict one of the nozzles. When
the maximum electric field is applied, the ring bender deforms and the nozzle
target moves to contact one of the nozzles and thus closes one of the two flow
paths through the valve.
3. The difference in restriction between the two nozzles gives rise to a pressure
difference between Ports 1 and 2 and a flow imbalance through the nozzles. When
connected to a main stage spool valve, this leads to a pressure imbalance at either
end of the spool. In this way, controlling the voltage applied to the ring bender
actuates the spool.
4. In an aero engine fuel metering valve, the spool position determines the size of
the flow path through the valve for fuel to the enter the combustion chamber.
The model, presented in Chapter 8, predicts how pressure at control ports 1 and 2
varies with voltage applied to the ring bender when the control ports are not connected,
and how flow between Ports 1 and 2 varies with voltage applied to the ring bender when
the control ports are connected.
7.2 Prototype valve
Figure 7-2 shows a section view diagram of the prototype ring bender actuated servo
valve pilot stage. The diagram shows the valve set-up in dual lane mode i.e. with two
ring benders mounted in the valve. The parts are labelled and correspond to the picture
of the components in Figure 7-3. The red and blue arrows show the flow path through
one nozzle of the valve (only left side shown to leave space for labels). Section 7.2.2
details the dual lane mounting arrangement. The prototype valve was manufactured
in stainless steel (grade 431 - commercial equivalent of S80) and a thickness of greater
than 5mm has been kept at all points of the outer test can to ensure that the structure
can withstand high pressure with minimal deformation. Preliminary structural analy-
sis was conducted by AEC engineers and 5mm was set as the minimum thickness for
the valve outer body.
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Figure 7-2: Section view of the valve showing two ring benders mounted in dual lane
arrangement. The mount is secured within the outer body of the valve.
7.2.1 Valve assembly
Figure 7-3 shows the parts of the valve disassembled on the test bench. As can be
seen in figure 7-3 the components of the valve can be split into three groups; the ring
bender mount, the valve outer body, and the nozzles and adjusters. The part drawings
for each component can be found in appendix A.
In dual lane mode, two ring benders are mounted with six O-rings: three large
O-rings at the outer edge and three small O-rings at the inner edge. Figure 7-4 shows
the arrangement of the ring benders and O-rings. The ring bender mount was designed
such that the compression of the O-rings gives a mounting force of approximately 75N
when the nuts holding the upper and lower halves of the mount together are tight.
Chapter 6 describes the research concerning O-ring mounting compression and force.
The ring bender mount is radially secured inside the valve outer body using a
thin circumferential shim. The valve outer body bolts are then used to secure the
ring bender mount within the two halves of the valve outer body. The ring bender
mount and the valve outer body were designed to be separate so that multiple test
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Figure 7-3: Components of the prototype valve.
configurations could be achieved. This gives flexibility of set up so that single and dual
lane modes can be tested.
The nozzle positions were designed to be adjustable to allow for variable orifice
clearance, dependent on the test set-up. The nozzle positions are varied by adjusting
the position of the adjusters, shown in Figure 7-2, within the adjuster bore, in the
valve outer body, and secured using the lock nuts to give the nozzle target the desired
clearance.
7.2.2 Dual lane mounting arrangement
Figure 7-4 shows a section diagram of the dual lane mounting arrangement. The ring
bender mount is assembled by placing large O-rings (1-3 in figure 7-4) and ring benders
alternately into the lower half of the mount, placing the small O-ring (5 in figure 7-4
or a metallic ring spacer, see section 7.2.8) between the two ring benders, and then
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Figure 7-4: Section view of the dual lane set-up. The three large outer edge fluorosili-
cone O-rings are numbered 1, 2 and 3. The three small inner edge fluorosilicone O-rings
are numbered 4, 5 and 6.
attaching the upper half of the mount. The O-rings are then compressed using the
mount bolts. The nozzle target is then attached with the remaining two small O-rings
(4 and 6 in figure 7-4) and tightened to give the desired O-ring compression. Mounting
a ring bender reduces the free displacement as is presented in Chapter 6. Mounting
the ring bender in a dual lane arrangement with one inactive bender effectively doubles
the stiffness of the actuator and, as such, reduces the displacement by a factor of two
compared with single lane mode.
Inactive second ring bender
The second ring bender mounted in the dual lane arrangement can be set up in two dif-
ferent modes, namely open and closed circuit. Open circuit means that the electrodes
are not connected which means that when the active ring bender displaces and causes
the inactive ring bender to deform, an electric field will be developed across the elec-
trodes in the inactive ring bender as the electrodes are not connected. In closed circuit
mode no electric field can develop in the inactive ring bender because the electrodes
are connected and so when the inactive ring bender deforms (as a result of the active
ring bender deforming) charge can move freely between the electrodes. The signifi-
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Figure 7-5: Diagram of hydraulic circuit.
cance of these two different arrangements is that in open circuit mode the stiffness of
the inactive ring bender is greater and so the total displacement range of the two ring
benders, connected in dual lane mode is reduced compared with closed circuit mode.
Open circuit mode was used in the tests. For redundancy the active ring bender must
be able to perform as desired in the worst case scenario, which is open circuit mode.
For this reason the tests were conducted with the inactive ring bender set up in open
circuit mode.
7.2.3 Hydraulic circuit
The hydraulic circuit diagram can be seen in figure 7-5. The supply pressure of the
circuit is controlled using a two stage pressure control valve and pressure is balanced
either side of the test rig using adjustable restriction needle valves. Piezoresistive pres-
sure transducers (PT) are used to record the pressure at each of the two inlet ports,
P1 and P2, as well as the supply and return pressure. The fixed orifice restrictions are
set such that the control port pressures are half the supply pressure when the nozzle
target is in the null position. They have been calculated to match the clearance area
at the nozzle target, which is 0.157mm2 when in dual lane mode. This is calculated
as the clearance distance (50µm) from the nozzle to the nozzle target, multiplied by
the nozzle circumference (pimm). The maximum supply pressure used in these tests
was 110bar. Oil temperature is recorded to ensure tests are conducted at constant
temperature. The maximum flow output from the pump is 30Lmin−1. Hydraulic oil
(grade 32) was selected as a substitute for aero engine fuel which posed too high a fire
risk for the test facility.
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7.2.4 Nozzle positions
The total clearance between the two nozzles and the nozzle target was 150µm during
the single lane tests, so that the ring bender displaced +/-75µm from null position to
nozzle contact. For the dual lane tests the total clearance between the nozzles and
nozzle target was 100µm, so the ring bender displaced +/-50µm from null position to
nozzle contact. The reason for the difference in nozzle clearance in single lane vs. dual
lane is because the available displacement from the ring bender is less in dual lane
mode. The ring bender movement is limited in either direction when it contacts the
nozzle so that the displacement stops varying with voltage.
7.2.5 Sensors and test data
The sampling rate for data collection was 1000Hz and the frequency of the sine wave
driving voltage was 1Hz. The duration of each test was 30 seconds. The following were
measured:
1. Displacement of nozzle target,
2. Ring bender driving voltage,
3. Pressures at port 1, port 2, supply and return,
4. Flow between ports 1 and 2.
Four piezoresistive pressure transducers were used. To measure the displacement of
the nozzle target, mounted through the centre hole of the ring bender, an eddy current
sensor was used. The range of the sensor is 500µm and the resolution is 0.025µm. The
displacement sensor was positioned in the valve outer body such that it was close to
the Port 2 adjuster and would be in range of the nozzle target when set up in different
arrangements. A program written in LabView was used to display and record data.
7.2.6 Voltage amplifier offset
There are some points regarding the Noliac amplifier used (model no. NDR6110)
that should be noted. The amplifier has a +6.2V offset on the middle electrode when
switched on, prior to testing. The upper and lower voltage extremes are not equal in
magnitude, such that the middle electrode varies between -92V and +106.5V whilst
the upper and lower electrodes output a constant +100V and -100V respectively. This
134
leads to asymmetrical displacement from the intial offset position (at +6.2V). The
reason for the offset is not known and it has not been possible to adjust, due to the
construction of the amplifier. The offset does not significantly affect the total displace-
ment of the ring bender, it only causes the ring bender to displace by approximately
15µm in single lane mode and 7µm in dual lane mode from its starting position (after
assembly - amplifier off) when the amplifier is first switched on. This offset displace-
ment is reduced significantly in dual lane mode, compared with single lane mode, as
the combined stiffness is greater and so there is less motion from the starting position
(amplifier off). However, due to the voltage offset, the displacement of the ring bender
is slightly asymmetric around the null position (intial position with +6.2V offset) but
this compensates for some pressure imbalance between the two control ports. The null
position was set to 0 +/-2µm, by adjusting the bolts on the outer valve body (shown
in figure 7-3), and the range of motion in the tests was slightly greater when moving
towards port 1.
7.2.7 Mounting O-rings
The compressive mounting force of the O-rings, calculated from the compression tests
presented in Chapter 6, is approximately 75N. The overlap region of the O-rings at the
inner edge is larger than the overlap region at the outer edge. This is due to the size
of O-rings selected and could be optimised in future. However, the displacement of the
ring bender is less dependent on the mount at the inner edge than at the outer edge,
as the inner edge requires less torsional freedom of movement when the ring bender
displaces.
7.2.8 Fluorosilicone O-ring stiffness
Compression tests conducted with the fluorosilicone O-rings show that they produce a
steeper stiffness curve when first compressed compared with subsequent tests recorded
in a set of consecutive tests. The material then becomes less stiff during subsequent
tests converging quickly to a repeatable result. This effect only shows up in the first
three to four tests of any test set. This effect is seen when assembling and testing the
ring bender mount, and prototype valve. Several readings need to be taken to attain
a repeatable result. It has been observed that the displacement of the ring bender
increases slightly, about 5µm, after the first 3-4 tests, as the elastomer is cycled.
The stiffness of the O-rings also decreases slightly as the temperature increases
which is discussed in Chapter 6. As the temperature of the oil increases with multiple
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tests the displacement of the ring bender was seen to increase by 3-4µm. It is thought
that this is due to the stiffness of the fluorosilicone decreasing when the temperature
of the oil increased from approximately 20oC to 60oC, the maximum temperature ob-
served.
Metallic ring inner edge ring bender spacer
A problem that was identified when mounting the ring bender in dual lane mode, was
how oil would flow from the other volumes of the valve into the space between the two
ring benders. If oil was not allowed to flow into this space then the pressure difference
across the ring benders, with pressurised oil on the outside and a trapped volume of air
on the inside, would break one or both of the ring benders. For this reason a metal ring
was used to replace ring bender 5 in figure 7-4. The ring has breathing holes around
the circumference and the nozzle target has corresponding breathing holes such that
oil can flow between the separate spaces.
7.2.9 Valve expansion with return pressure
It was observed in the initial valve calibration tests that the null position of the ring
bender was moving as the test supply pressure increased. As the supply pressure was
increased, the return pressure increased and it has been observed that this causes the
valve to expand. The expansion causes the distance from the eddy current sensor to the
actuator to increase, and also the distance between the two nozzles to increase. During
the single lane tests this was compensated for by moving the adjusters and nozzles, at
each test pressure, in line with the valve expansion, to keep the nozzle clearance on both
sides the same and keep the actuator centred between the nozzles. During the dual
lane tests the bolts on half of the valve outer body were tightened to compensate for
the expansion, to keep the nozzles in the same position. However, the return pressure
was only necessary because of the cavitation that was observed during tests conducted
at 80 and 100bar supply pressure. The expansion of the valve was only small, of the
order of 10µm.
7.3 Test strategy
The table 7.1 shows the tests that were conducted to identify the performance charac-
teristics of the prototype valve. The following describes these in more detail.
The blocked port tests established how the driving voltage and the displacement
of the ring bender are related to pressure difference between the two control ports.
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Table 7.1: Tests presented.
Mode Single Lane Dual Lane Other
Dry Max. displacement Dual lane effect -
Blocked Port 20 and 100bar 30 and 110bar Pressure Recovery
Connected Port - 30 and 110bar -
Step function - 20V and 100V -
Supply pressures in bar and driving voltages are shown
Figure 7-6 shows the valve connected to the hydraulic test rig in blocked port mode.
The adjustable restrictors, labelled in Figure 7-6, were used to set the fixed orifice.
Pressure is measured at either side of the ring bender along with supply and return
pressure. Nozzle target position is also be recorded to identify the movement of the
ring bender under the test conditions.
Figure 7-7 shows a flow meter connected to the hydraulic circuit. The purpose
of these tests was to record flow between control ports to plot against ring bender
displacement and driving voltage.
7.4 Blocked port mode results
7.4.1 Single lane tests
Graphs are plotted showing displacement vs. voltage, and pressures at ports 1 and
2 vs. voltage, at each of the different supply pressure settings. 30 seconds of data
is displayed in each plot, which represents 30 motion cycles. The multiple cycles are
included to show how the motion changes over time and give an approximation of
variance of the measurements between cycles. In all of the graphs including pressure,
the blue line corresponds to port 1 and the green line port 2. Initial nozzle positions
were set to give 150µm total nozzle target displacement or +/-75µm. During the initial
single lane tests, shown in Figures 7-8 and 7-9, the valve does not expand because there
is negligble return pressure. However this leads to cavitation at higher pressure. The
nozzle positions were not moved between tests, as they are in the back pressure tests
when the expansion was more significant.
The maximum pressure at port 2 is 85 bar, at 100 bar supply pressure, shown in
Figure 7-9. The return pressure PR was 1 bar. The noise shown in the graphs in
Figure 7-9 suggests that cavitation is occurring due to the pressure drop across the
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Figure 7-6: Prototype valve set-up in blocked port mode.
nozzle target at port 1 and the shape of the nozzle target at port 1.
Return pressure test
As can be seen in Figure 7-10 noise was significantly reduced at 100 bar by using an
adjustable restrictor on the tank line to set the return pressure to 15 bar. Comparing
Figure 7-10 with Figure 7-9 it can be seen that Figure 7-10 shows more displacement,
however these two tests were conducted consecutively and the nozzles and adjusters
were not moved between tests. This is because when the return pressure was increased,
the valve expanded, increasing the clearance between the two nozzles and the nozzle
target, and allowing the ring bender a greater range of motion. In subsquent tests the
bolts on the outer body of the valve were adjusted to compensate for this expansion.
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Figure 7-7: Prototype valve set-up in connected port mode with flow meter. Control
ports, restrictors and tank connections are the same as the blocked port mode set-up
shown in Figure 7-6
7.4.2 Dual lane
Dry tests
The tests are conducted without hydraulic oil first in order to establish the effects of
the different inner edge separation rings on the displacement of the ring bender.
The total displacement range of the ring bender, when mounted in parallel with an
inactive ring bender using the metallic inner edge ring spacer, was 145µm. The dis-
placement increases slightly as the fluorosilicone O-rings warm up over several cycles.
After several tests the fluorosilicone stiffness decreases slightly, which correlates with
observations from compression tests conducted with the O-rings, and the ring bender
displacement increases to 150µm.
The displacement of the ring bender when mounted in parallel with an inactive
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Figure 7-8: Single Lane test 20 bar supply pressure. +/- 75µm nozzle clearance.
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Figure 7-9: Single Lane test 100 bar supply pressure and return pressure 1 bar. +/-
75µm nozzle clearance.
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Figure 7-10: Single Lane test 100 bar. Return pressure 15 bar. +/- 75µm nozzle
clearance.
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Figure 7-11: Dual Lane test 30 bar. +/- 50µm nozzle clearance.
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Figure 7-12: Dual Lane test 110 bar. +/- 50µm nozzle clearance.
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Figure 7-13: Pressure recovery against voltage at 20bar and 100bar supply pressure.
ring bender using the fluorosilicone O-ring inner edge spacer was 155µm. Similar to
the metallic spacer test, after a few initial tests displacement increased about 5µm as
the elastomer O-rings warm up.
Due to the difficulty of ensuring oil flow into the trapped volume created by the
ring benders and inner edge middle O-ring, in order to equalise the pressure between
the three internal chambers, the metallic inner edge spacer was used.
Wet tests
The pressures at the two control ports vary as expected with nozzle target displacement
and driving voltage. As the ring bender displaces and move the nozzle target towards
port 1 the pressure at port 1 rises and the same for port 2. The initial nozzle positions
remain constant, and this was achieved by adjusting the bolts on the outside of the
valve body, between tests at each pressure.
Figure 7-11, for 30 bar supply pressure, shows asymetrical pressure curves for the
two control ports and hysteresis for the port 2 pressure measurement, whilst there is
minimal hysteresis for the pressure vs. displacement curve for port 1. The hysteresis of
the ring bender displacement is +/-5%, the hysteresis of the pressure vs. displacement
of the nozzle target is +/-5% and the hysteresis of the pressure vs. voltage curve is
+/-10%. The initial position was set at 0µm +/-2µm, for each of the dual lane tests,
to account for the amplifier offset, and to achieve better symmetry of pressure curve
between ports 1 and 2, to give -70µm to +80µm displacement in either direction from
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Figure 7-14: Response for step input of -20V with offset. Test conducted dry.
Figure 7-15: Response for step input of -100V amplitude. Test conducted dry.
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the null position. Figure 7-12 shows a pressure asymmetry between the two ports at 110
bar supply pressure. The maximum pressure achieved at port 2 is 80 bar, 10bar more
than the maximum at Port 1, at 100bar supply pressure. At high pressure the total
displacement of the nozzle target/ring bender is reduced to 100µm due to the pressure
force from the nozzle on the nozzle target. Figures 7-11 and 7-12 show results that
were achieved with better nozzle alignment without the need for a larger back pressure
to stop cavitation. Port 1 high pressure point is not equal to port 2 for dual lane tests.
This is thought to be due to slight nozzle target misalignment. Adjusting the prototype
to achieve approximately symmetrical P1 and P2 characteristics has proved to be very
difficult with the dual lane arrangement.
7.4.3 Pressure recovery
Pressure recovery is used here, and within the aerospace industry, to define the per-
centage of the supply pressure that is transferred by the pilot stage valve into pressure
difference (P1-P2) across the spool of the main stage valve. Figure 7-13 shows the pres-
sure recovery for the prototype valve in dual lane mode at supply pressures of 20bar
and 100bar. The return pressure for both tests was 1bar. At 20bar the maximum
pressure recovery is 60% and decreases to 38% at 100bar. The pressure recovery is
expected to be greater with lower supply pressure as the pressure force force from the
nozzle is lower allowing the ring bender to close the flow path more fully, giving a larger
percentage difference between the two ports.
7.4.4 Dynamic response
The dynamic response test was conducted in dual lane mode and was a dry test. A
square wave was applied to the input of the amplifier to measure the response speed.
Figures 7-14 and 7-15 show nozzle target displacement vs. time. The two graphs in
each figure show the transient regions as the step function is applied. Figure 7-15 shows
that in the first 5ms the nozzle target moves 92µm, giving a velocity of 18.4mms−1.
The amplifier can be seen to be the most significant factor in reducing the speed of
response. The rate of change of amplifier voltage is constrained due to its maximum
current limit, linked to the capacitance of the ring bender.
The gradient of the output voltage can be used to confirm the maximum current
limit from the amplifier. If we use:







Taking the steepest gradient of the output voltage line in figure 7-15 and the man-
ufacturer value for ring bender capactiance, 2 x 800nF, gives a maximum current limit
of 80mA. The current is limited by the amplifier used for the test.
7.5 Connected port mode results
Figure 7-16 shows how the flow between port 1 and port 2 varies with time when a
triangle wave voltage of amplitude 100V is applied to the ring bender at a frequency
of 0.025Hz. The supply pressure was 110bar and return pressure was 10bar. The flow
between the flow ports is as expected and changes direction as the nozzle target moves
past the null point. The data has been filtered to remove noise from the flow sensor.
The noise shown at around the zero flow region is due to the inaccuracy of the flow
meter at low flow rates. The maximum recorded flow was 0.66 Lmin−1. The flow gain at
null was 0.08Lmin−1V−1. The maximum flow recorded corresponds to the predictions
from the model described in Chapter 8. Figure 7-17 shows how the flow varies between
port 1 and port 2 when the supply pressure is 30 bar and the return pressure is 10
bar. The flow between the control ports is reduced compared with figure 7-16 which is
expected due to the reduced pressure difference between the ports.
7.6 Conclusions
The novel points presented in this chapter are:
1. The development of a piezoelectric ring bender actuated nozzle flapper servo
valve,
2. Experimental results for displacement in single and dual lane arrangements when
dry and wet,
3. Experimental results for pressures and flow at and across control ports 1 and 2
for various supply pressures,
4. Experimental results for dynamic response and pressure recovery.
Broadly, mounting a typical ring bender with fluorosilicone O-rings reduces the
displacement, and mounting in a dual lane arrangement effectively doubles the stiffness,
which reduces the displacement further, by approximately half. The displacement of
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Figure 7-16: Flow, nozzle target displacement and output voltage vs. time using tri-
angle wave voltage (dual lane arrangement with nozzle clearance of +/-50µm). Supply
pressure 110 bar, return pressure 10 bar.
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Figure 7-17: Flow, nozzle target displacement and output voltage vs. time using
triangle wave voltage (dual lane arrangement with nozzle clearance of +/-50µm).Supply
pressure 30 bar, return pressure 10 bar.
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the ring bender and the stiffness of the elastomer are affected by ambient temperature
such that the displacement from a mounted ring bender is reduced at low temperatures
and increases at higher temperatures.
7.6.1 Blocked port mode
When a typical ring bender is mounted within the prototype valve in blocked port mode
the displacement and force are sufficient to develop a pressure difference between the
two control ports. In single lane mode the nozzle target clearance from the nozzle at the
null position was set to +/-75µm to match the existing torque motor type servo valve.
However when mounted in dual lane mode the displacement is not sufficient to allow
bi-directional travel to close the nozzles when the null clearance is set to +/-75µm,
therefore the clearance was reduced for the dual lane tests to +/-50µm.
Single lane
The cavitation noise observed in the single lane tests has been reduced by setting the
back pressure to 10-15bar when the supply pressure is 80-100bar. The introduction of
a back pressure to reduce the cavitation caused the valve to expand by approximately
10-20µm. Increasing the return pressure further increased the expansion. The amount
the valve expanded by during each test has been recorded. During the single lane back
pressure tests, the nozzles were repositioned after each test to make the comparison of
data, recorded at different supply pressures, meaningful.
Dual lane
The maximum pressure achieved at control port 2 when the nozzle target was at max-
imum displacement, maximum negative voltage was applied to the middle electrode
of the ring bender, was 90bar when the supply pressure was 110bar and the return
pressure was 10bar. Whilst the difference in the maximum pressure drop across control
ports 1 and 2 has been reduced for single lane tests. The difference was still observed
during the dual lane tests and is thought to arise from slight nozzle target misalign-
ment which could be as a result of the adjustment to the bolts holding the test can
halves together. The bolts were tightened to maintain nozzle target position when the
back pressure increased, however, as the adjustment was sensitive, it was difficult to
maintain the two halves in a parallel position. This could account for the pressure
imbalance if the flow force from the port 1 nozzle was less than the flow force from the
port 2 nozzle, producing a net force at the null position.
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Pressure recovery
In figure 7-13 the pressure recovery is 38% at 100bar supply pressure, and 1bar return
pressure, in dual lane mode. However, if the profile of port 1 was equal to port 2
the pressure recovery would be 45%. If the pressure curves for both control ports were
symmetrical at 20bar supply pressure, the pressure recovery would theoretically be 74%.
Dynamic response
The results of applying a square wave voltage to the ring bender, show that the nozzle
target displaces 92µm in the first 5ms after the voltage is applied and then a further
8µm over the subsequent 2s. It moves 88.6% of full displacement in the first 5ms.
Faster variation of the driving voltage should increase speed, as the displacement gra-
dient decreases over first 0.01s with voltage.
7.6.2 Connected port mode
The connected port test results show that at maximum ring bender displacement, when
in dual lane mode and the nozzle clearance at null is +/-50µm, the flow between the
two control ports is 0.66Lmin−1 and the flow gain at null is 0.08Lmin−1V−1.
The next chapter presents the analytical model of the valve.
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Chapter 8
Analytical Model of Prototype
8.1 Introduction
In this chapter, an analytical model used to predict the performance of the ring bender
servo valve, the development of which is presented in Chapter 7, will be discussed.
The analytical model uses a simplified version of the ring bender model presented in
Chapter 5 to predict the displacement and force from a ring bender when mounted,
and the relation between pressure and flow in the valve to the voltage applied to the
ring bender. The model is based on similar work concerning piezoelectric actuator
servo valves [77] [98]. The purpose of this model is as a design tool to allow future
optimisation of the valve.
8.2 Analytical model
Figure 8-1 shows a diagram of the set-up of the ring bender actuated nozzle flapper
valve used to construct the model.
8.2.1 Simplified ring bender model
The ring bender model was simplified to a linear relation between the experimentally
determined values for free displacement and blocking force when mounted, shown in
Chapter 6. The model is based on dual lane ring bender mounting arrangement with
an inactive open circuit second ring bender. The values k1 and k2 are experimentally
derived based on the displacement and force of the nozzle target in a dual lane mount-
ing arrangement. Ring bender hysteresis is not considered as it is beyond the scope of
this research, a brief discussion of methods to reduce hysteresis is presented in Chapter
4.
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Figure 8-1: Diagram of the servo valve used to construct the model.
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x̂t = k1V − k2FN (8.1)
where,
xt = xf if x̂t > xf
xt = −xf if x̂t < −xf
xt = x̂t if − xf ≤ x̂t ≤ xf
8.2.2 Hydraulic model
The equations shown here represent a simplified hydraulic model. Fluid compressibility







Q is flow through the orifice,
A is the area of the nozzle,
∆P is the pressure difference across the orifice,
ρ is the density of the fluid (oil).
Cq is the flow coefficient of the nozzle.
Considering nozzle 1, as the cross-sectional area of the orifice varies with the posi-







xN1 = xf − xt (8.4)
and Cv is the flow coefficient for the variable orifice, and DN1 is the nozzle diameter.
Or rearranging:












for the variable orifice.
For the fixed orifice:










where Cf is the flow coefficient for the fixed orifice and DNf is the diameter of the fixed
orifice.
So that for blocked port mode, i.e. when Q1 = 0:
Kv(P1 − PR) = (PS − P1)Kf (8.9)
and rearranging gives:
P1 =
PSKf + PRKv(xf − xt)
Kv(xf − xt) +Kf (8.10)
Similarly it can be shown that P2 can be expressed as:
P2 =
PSKf + PRKv(xf + xt)
Kv(xf + xt) +Kf
(8.11)
The force from the nozzle on the nozzle target can be calculated as,
FN = (P1 − P2)AN (8.12)
where AN is the area of the nozzle.
The equations shown above were used to predict displacement and force at the nozzle
target as well as pressure at the two control ports.
For connected port mode, i.e. when Q1=Q2



























with Df the diameter of the fixed orifice.







































Combining equations 8.17 and 8.18 with
Pc = P1 − P2 (8.19)
where Pc is the pressure difference across a flow meter in connected port mode, fully
defines the valve.









Equations 8.17 and 8.18 may be differentiated with respect to pressure, with the partials




















































































giving the linearised form of the pressure-flow equation for a two nozzle flapper valve.
Table 8.1 shows the values used in the model including the constants for the ring
bender performance k1 and k2, the fixed and variable orifice diameters DNf and DNv,
the coefficients of flow through the orifices Cf and Cv supplied by Rolls-Royce, the
fluid density ρ, and the supply and return pressures PS and PR.
8.2.3 Iterative method
Combining equation 9.0 and 9.10 - 9.12 gives a cubic equation in xt for calculating
the position of the nozzle target. Rather than solving directly, an iterative approach
is used. Initially FN was set to zero in eqn. 8.1 to give xt, then at this displacement
value the pressure force from the nozzle was calculated (eqn. 8.12) allowing a new
displacement to be estimated.
8.3 Results
8.3.1 Blocked port mode
Figure 8-2 shows the model predictions for ring bender displacement, pressure and
force on the ring bender for supply pressure at 30bar and return pressure 10bar. The
model predicts how these vary as voltage is applied to a ring bender is increased from
-100V to 100V, giving the full voltage range. The pressure vs voltage graph, centre
of Figure 8-2, compares with experimental values, presented in Chapter 7. Figure 8-3
shows the model predictions for supply pressure 110bar and return pressure 10bar. It
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Figure 8-2: Comparison of model prediction and experimental results for dual lane test
at supply pressure 30 bar, return pressure 10 bar. Nozzle clearance was +/-50µm. The
dashed lines show the model predictions.
159
Figure 8-3: Comparison of model prediction and experimental results for dual lane test
at supply pressure 110 bar, return pressure 10 bar. Nozzle clearance was +/-50µm.
The dashed lines show the model predictions.
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Figure 8-4: Comparison of experimental and predicted flow vs voltage applied to the
ring bender at supply pressure 110 bar, return pressure 10 bar. Nozzle clearance was
+/-50µm. The dashed line shows the model prediction.
can be seen that there is a good correlation between the predicted and experimentally
determined values for displacement and pressure for both the low and high pressure
tests. This suggests that the model is valid and can be used as a design tool for future
optimisations.
The model is adjusted for each port to compensate for the misalignment of the
nozzles that arises from the assembly and adjustment of the valve. As explained in
Chapter 7, when the back pressure is increased the outer body of the valve expands
axially to the plane of the ring bender. This increases the clearance between the nozzle
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and nozzle target and requires that the bolts securing the two halves of the outer
body be tightened to maintain the desired nozzle target clearance. The tightening
of the bolts is sensitive and as such it has proved difficult to maintain clearance and
alignment simultaneously.
To account for the asymmetrical pressure curves at ports 1 and 2 the return pressure
terms and position offset were varied in the model to achieve a good correlation. The
cause of the experimental pressure curve asymmetry is thought to be due to leakage
around the port 1 adjuster, within the port 1 adjuster bore, and imperfect alignment
of the nozzle target to the nozzles due to the assembly of the valve.
8.3.2 Connected port mode
Figure 8-4 compares the predicted flow between the two control ports when in connected
port mode with experimental results presented in Chapter 7. The supply pressure was
110bar, the return pressure was 10bar and the maximum driving voltage was 100V.
At the null position the flow through the two nozzles is equal and so the flow between
the control ports is zero. A linear relation between flow and voltage is predicted. The
maximum flow predicted by the model is 0.8Lmin−1 at 100V which correlates with the
experimental data. The flow gain at null is 8mLmin−1V−1. The noise around 0V in
the experimental data is a result of the flow meter. The experimental data has been
filtered to minimise the noise.
8.4 Conclusions
A simple analytical hydraulic model has been developed to predict the relation of flow
and pressure in a ring bender nozzle flapper valve to the voltage applied to the ring
bender. The model shows a good correlation to the experimental results at high and
low supply pressures. This validates the model and as such it can be used as a design
tool for future optimisations. The predicted displacement is not sufficient to fully close
the nozzle which suggests that a ring bender with a greater blocking force is required
to allow the nozzle target to close the nozzle. This will allow greater pressure difference
between the two control ports to be achieved. The model predictions and experimental
results for maximum flow do not rule out the possibility that a ring bender servo valve
could be used to actuate a spool. The model is useful to show that the operation of
the valve is understood and that the experimental results correspond to the theory for
pressure and flow.
The next chapter presents the conclusions and further work.
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Chapter 9
Conclusions and Further work
9.1 Conclusions
The novel points of this thesis are:
1. The first experimental data on mounting a ring bender with elastomeric material,
2. The first analytical and FE model of ring bender displacement under elastomer
mounting conditions,
3. The first characterisation of effects of temperature variation on ring bender dis-
placement,
4. The first experimental data for prototype nozzle flapper type servo valve using a
ring bender as smart material actuator,
5. The first analytical model of a ring bender actuated nozzle flapper valve.
9.1.1 Modelling the ring bender
An analytical model of the ring bender was investigated and the effects of mounting
stiffness at the outer edge were plotted and support the experimental results. A finite
element analysis was also conducted to further understand the multilayer structure of
the ring bender and the effects of outer edge mounting stiffness. The FE results were
compared to the analytical model predictions for validation and a good correlation was
found. This research led to the decision to use an elastomeric material to mount the
O-ring as a rigid material would have inhibited the displacement of a ring bender too
much for it to work within a valve.It also highlighted that the ring bender displacement
is more dependent on the torsional flexibility of the mounting material at the outer edge
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than at the inner edge.
9.1.2 Mounting a ring bender with O-rings
The results in Chapter 6 show that a ring bender can be mounted with an elastomer O-
ring without significantly reducing the displacement. Three elastomeric materials were
compared and it was found that the fluorocarbon material inhibited the displacement
of the ring bender the least. Two metallic spring mounting concepts were also tried
but these either inhibited the displacement too much or were not stiff enough to mount
the ring bender securely.
A dual lane mounting arrangement was tested and it was found that the displace-
ment of an active ring bender, when mechanically connected to and inactive ring bender,
is reduced by approximately half. This is because the stiffness is effectively doubled.
9.1.3 Effect of temperature variation on ring bender displacement
The displacement of a ring bender was tested across the operating temperature range
for an aero engine. Fluorosilicone and fluorocarbon mounting O-rings were also tested
to establish how variations in stiffness with temperature affect the displacement of a
ring bender. The displacement of a ring bender is reduced at the low temperature limit
and increases as the ambient temperature is increased. The change in displacement due
to mounting stiffness change is consistent with the model prediction of Chapter 5. It
was found that the fluorocarbon mounting arrangement reduced the displacement of
the ring bender significantly at -30oC and as such this concept was not researched fur-
ther. The reason for this reduction in displacement was the increased stiffness of the
fluorocarbon as it approached the glass transition temperature.
9.1.4 Prototype development
A prototype nozzle flapper servo valve was designed, modelled, built and tested. The
valve was tested in single lane mode, using a single active ring bender, and in dual lane
mode, using an active and an inactive ring bender mounted in parallel. The pressures
at control ports 1 and 2 were recorded when the ports were not connected and the
flow between them was recorded when they were connected. The experimental results
were compared to the predictions of an analytical model and a good correlation was
observed for low and high supply pressure tests. The valve model can be used for
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further optimisation of the design. The hysteresis of the valve is approximately +/-
10%. A dynamic response test was conducted to further explore the performance of
the ring bender and shows that a ring bender can achieve the bandwidth requirements
for an aero engine valve under those conditions.
These tests establish that the ring bender functions as the active component in the
valve and the pressure recovery is comparable to the results from the current industry
standard torque motor valve. However due to reductions in displacement caused by
the mounting material stiffness acting on the inner and outer edges and the dual lane
mounting arrangement the clearance between the nozzle and flapper was set at 50µm
which is less than the industry standard of 76µm. In order to achieve desired perfor-
mance with the larger clearance a ring bender with a greater available displacement
must be used.
9.2 Further work
The key next steps for this research are as follows.
9.2.1 Ring bender optimisation
Electrical wires connection strength
During several tests, including those presented in Chapter 6, the solder joints for the
electrical wires failed rendering the actuator inoperable. This is a risk that should be
considered and minimised.
Hysteresis
The hysteresis of the actuator and valve needs to be minimised and some methods
identified in the literature are discussed in Chapter 4.
Encapsulation
Piezoceramic materials can degrade when immersed in solutions containing ions which
can lead to pitting and ultimately electrical failure due to short circuits from ions
pathways between electrode layers. This was not observed during testing as hydraulic
oil was used but in a fuel environment it is highly likely. To prevent this process, it is
necessary to encapsulate the ring benders. Research should be conducted to identify
a suitable material that does not significantly inhibit the motion of the active ring
bender.
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Increased ring bender diameter and displacement
It was predicted in Chapter 4 that the CMBR07 ring bender model would be unlikely
to achieve the same force and displacement performance as the existing torque motor
nozzle flapper, however this was the actuator with the largest displacement, available
off-the-shelf, at the time. To meet the existing requirement of 5N force at 76µm dis-
placement from the null position a larger ring bender is required. Predictions have
been made based on the performance of existing ring bender actuators and using an
adapted version of the FE model described in Chapter 5.
9.2.2 Elastomer optimisation
An elastomer needs to be identified that has the required temperature range perfor-
mance (see Chapter 6) without significant swelling in fuel. It is known that fluo-
rosilicone absorbs fuel and can swell after prolonged exposure leading to variation in
properties such as size of the contact region and stiffness. This will affect the displace-
ment of the ring bender and as such a grade of fluorosilicone that does not suffer this
problem should be identified.
Shaped elastomer mounting rings
The elastomer mounting at the inner and outer edge of the two ring benders used
in the servo valve needs to be optimised. Tailoring the size and shape of the contact




Following the industrial servo valve testing procedure, another key test for servo valves
is the vibration test which involves high frequency motion in all three spatial axes. To
operate in an aero engine the ring bender servo valve is required to pass this performance
test. Servo valves are tested at 60g for 30 hours in the 3 planes/axes. Sweeps between 10
and 10000Hz are performed at the start to identify the three main resonant frequencies,
then dwells for 107 cycles are performed at each. The rest of the time to make up the
total 30 hours consists of swept sine endurance over the total frequency range [84].
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Figure A-1: Ring bender mount lower half.
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Figure A-2: Ring bender mount upper half.
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Figure A-3: Nozzle target.
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Figure A-4: Nozzle target nut.
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Figure A-5: Valve outer body A.
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Figure A-6: Valve outer body B.
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Figure A-7: Adjuster.
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Figure A-8: Nozzle.
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